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ABSTRACT
We describe a dynamic nuclear polarization (DNP) and electron paramagnetic resonance
(EPR) spectrometer operating at 211 MHz for proton spins and 140 GHz for g = 2
electron spins. The salient feature of the instrument is a cyclotron resonance maser that
generates high frequency, high power microwave radiation. Results using this
spectrometer are presented for continuous wave and echo detected EPR, Electron Spin
Echo Envelope Modulation, Fourier Transform EPR, and static and Magic Angle
Spinning DNP.
A study of the stable tyrosyl radical (Y122) in the R1 subunit of E. coli
ribonucleotide reductase using high frequency (139.5 GHz) continuous wave EPR
spectroscopy is presented. The spectral dispersion achieved at the corresponding magnetic
field strength (-5 T) allows the unambiguous measurement of the principal g-values
(2.00912, 2.00457, 2.00225) from a frozen solution sample. The resolution of proton
hyperfine splittings along the canonical positions in the spectrum provides a means to
determine the anisotropic hyperfine coupling constants and to correlate the g- and hyperfine
principal axis orientations.
EPR spectroscopic studies of this nitrogen centered radical have resolved the peaks
corresponding to all three principal g-values: 2.01557, 2.00625, and 2.00209. In addition,
the nitrogen hyperfine splitting along one g-value is resolved (31.0 G) and upper limits (-5
G) can be placed on the nitrogen hyperfine splittings along the other two g-values.
Comparison of these g-values and hyperfine splittings with those of model systems in the
literature suggests a structure for the radical, X-N*-S-CH2-, in which -S-CH 2- is part of a
cysteine residue of R1 and X is either a non-protonated sulfur, oxygen or carbon moiety.
Incubation of [03- 2H]-cysteine labeled RNR with N3UDP produced the radical signal
without the hyperfine splitting of 6.3 G, indicating that this interaction is associated with a
proton from the -S-CH2- component of the proposed structure. Specifically, X is
proposed to be the 3'-hydroxyl oxygen of the deoxyribose moiety.
EPR spectroscopy of p21*Mn(II) complexes of two alternate guanine nucleotides
that probe the link between threonine-35 and the divalent metal ion. In particular, we
determine the number of water molecules in the first coordination sphere of the manganous
ion to be four in p21*Mn*(II)*GDP and two in p21*Mn(II)*GMPPNP. While these results
rule out indirect coordination of threonine-35, they are consistent with direct, weak
coordination of this residue as suggested by Halkides et al. (1994) Biochemistry 33, 4019.
The 170 hyperfine coupling constant of H2170 is determined to be 2.5 G in the GDP form
and 2.8 G in the GTP form.
Pulsed EPR spectroscopy of p21.Mn(II) complexes of GMPPNP that probe the
link between threonine-35 and the divalent metal ion. In particular, we determine the 170
hyperfine coupling constant of [170y]Thr 35 is determined to be ~1.1 G in the GTP form.
This value is much smaller than reported values (1.6 - 4 G) for 170-enriched oxo-ligands
in other complexes of Mn(II). These resluts are in agreement with direct, weak
coordination of this residue as suggested by Halkides et al. (1994) Biochemistry 33, 4019.
Galactose oxidase from Dactylium dendroides contains a unique enzymatic free
radical site, a tyrosine-cysteine dimer. The thiol group of C228 is covalently linked by a
thioether linkage to the ortho position on the phenol side chain of Y272 replacing a
hydrogen atom on one of the ortho ring carbons. High frequency EPR spectra of the free
radical and a model 2-methylthiocresyl radical reveal virtually identical g-values. The
nearly axial g-tensors provide corroborating evidence for a covalent thioether linkage and
indicate that spin density is strongly localized on the tyrosine and sulfur rather than being
delocalized throughout an extended 7t-network. Thus effectively eliminating the possibility
that the enzymatic free radical is delocalized over the three amino acids Y272, C228, and
W290 in a hypothesized extended it-network. High frequency EPR also reveals a
distribution in the largest g-value of the model para-cresyl radical not detected at
conventional frequencies.
Thesis Supervisor: Dr. Robert G. Griffin
Title: Professor of Chemistry and Director, Francis Bitter Magnet Laboratory
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INTRODUCTION
Currently, the most common frequency for EPR and ENDOR spectroscopy is -10 GHz.
This frequency is popular because it has reasonable resolution, sensitivity, equipment
availability and cost. 1 As high frequency components have become available, however,
EPR spectroscopists have built high-frequency spectrometers to take advantage of the
improved resolution and sensitivity attainable thereat. The first 95 GHz continuous wave
EPR spectrometers were built in the late 1980's and early 1990's.2-5 High frequency EPR
spectroscopy was later extended to 140-150 GHz by Lebedev and co-workers in the then
Soviet Union and by this group.6 In addition continuous wave ENDOR spectroscopy has
been extended to 95 GHz 3. As high-frequency pulsed microwave sources and microwave
switches have become available, some of these groups have built pulsed EPR
spectrometers at 95 GHz7 and at 140-150 GHz6 ,8
The principal advantages of high-frequency EPR are improved resolution,
magnetoselection, and sensitivity; and simplicity of analysis. At conventional fields the
lineshapes of radicals are sometimes dominated by unresolved hyperfine, in which case it
is difficult to determine the principal g-values. At high fields the lineshapes of radicals in
disordered solids are usually dominated by g-anisotropy. Thus the two or three principal
g-values are resolved and easily measured at high field.9 In paramagnetic transition metal
ions with S=3/2 and 5/2, the second-order fine-structure broadening of the central
resonance is decreased at high fields, making it easier to observe the effects of unresolved
hyperfine broadening as will be discussed below.
For a sample which includes paramagnetic sites in two or more chemical
environments each with its own g-value, it is possible to select a particular site by
appropriate choice of field. This is the first type of magnetoselection.
For a species with a lineshape dominated by three different principal g-values, the
two extreme g-values are each associated with a nearly unique orientation. Thus it is
possible to measure directly the resolved hyperfine coupling constants for those two
orientations. Using a pulsed EPR technique such as Inversion Recovery or Saturation
Recovery it is possible to measure the relaxation times for those two orientations. Using a
multiple resonance technique such as ENDOR or ESEEM, it is possible to measure the
unresolved hyperfine coupling constants for those two orientations. It is also possible to
determine the reorientation tensor for anisotropic rotation of spin probes.10
At conventional fields the ENDOR spectra of different nuclei with similar
nuclear g-values overlap, for example the spectra of 14N and 15N, or of 1H and
19F. At high fields the same ENDOR spectra of the same nuclei pairs typically
separate into two non-overlapping spectra.
The sensitivity of a spectrometer depends upon several different
parameters, most of which in turn depend upon the spectroscopic frequency. The
sensitivity is directly proportional to the Boltzmann polarization, which is
proportional to hv/kT when hv<<kT. Also important are signal induction (-v),
Conversion Factor (~v), and Quality Factor (~v). The sensitivity also depends
directly upon the sample volume, and inversely on the linewidth (for echo-detected
spectroscopy). We can identify two different dependencies for sample size: either
the sample size is limited by the volume of the cavity (-v3), or it is limited by the
availability of the sample (-~v 0 ). Likewise, we can identify three different
dependences for the linewidth: when the linewidth is dominated by g-anisotropy
(~v), or it is dominated by unresolved hyperfine (-v0), or it is dominated by
second-order fine structure broadening (~v-2). Thus we can define six different
cases. Table 1. indicates how the sensitivity depends upon the spectroscopic
frequency for each of the six cases.
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Abstract
We describe a high frequency dynamic nuclear polarization (DNP) / electron paramagnetic
resonance (EPR) spectrometer operating at 211 MHz for 1H and 140 GHz for g = 2
paramagnetic centers (5 T static field). The salient feature of the instrument is a cyclotron
resonance maser (gyrotron) which generates high frequency, high power microwave
radiation. This gyrotron, which under conventional operation produces millisecond pulses
at kilowatt powers, has been adapted to operate at ~ 100 W for 1 - 20 second pulses and in
the continuous wave (CW) mode at the 10 W power level. Experiments combining DNP
with Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) were performed
on samples consisting of 2% by weight of the free radical BDPA doped into polystyrene.
Room temperature DNP enhancement factors of 10 for 1H and 40 for 13C were obtained
in the NMR-MAS spectra. Static DNP-NMR has also been performed on samples
containing nitroxides dissolved in water:glycerol solvent mixtures. Enhancements of
approximately 200 have been obtained for low temperature (14 K) 1H NMR. A
pulsed/CW EPR spectrometer operating at 140 GHz has been developed in conjunction
with the DNP spectrometer. Microwave sources include Gunn diode oscillators which
provide low power (20 mW) radiation, and the gyrotron, which has been used to deliver
higher power levels in pulsed experiments. Results using this spectrometer are presented
for continuous wave and echo detected EPR (ED-EPR), Electron Spin Echo Envelope
Modulation (ESEEM), and Fourier Transform EPR (FT-EPR).
Introduction
A continuing pursuit in nuclear magnetic resonance (NMR) research has been the
improvement of signal-to-noise ratios. This has become particularly important with the
increased complexity of pulse sequences and the concomitant potential of decreased signal
size and/or increased acquisition time.1 Furthermore, it is of interest to apply NMR
spectroscopy to systems with nuclei that are few in number, have low gyromagnetic ratios,
and/or have low natural abundance.
Dynamic Nuclear Polarization (DNP) is a technique which can significantly
enhance the signal-to-noise ratio in NMR experiments. The method, which involves
irradiating either endogenous or doped electron spins at or near their Larmor frequency and
transferring this large polarization to nuclei, was first proposed by Overhauser2 and
subsequently demonstrated by Carver and Slichter. 3 ,4 Its primary application has been the
production of polarized targets for nuclear scattering experiments which are normally
conducted at mK temperatures and often achieve overall nuclear spin polarizations
approaching 70 to 90 %.5 These large DNP enhancements would clearly benefit NMR
spectroscopy, which under typical experimental conditions exhibits nuclear polarization
well below 1%. Recent interest has focused on the integration of DNP into the repertoire
of high resolution solid state NMR experiments, such as magic angle spinning (MAS). In
this class of experiments, signal enhancements can have dramatic consequences,
particularly for the study of biological systems where sample amounts are often severely
limited.
A number of investigators have obtained significant results in the application of
DNP to MAS-NMR at relatively low fields (0.3 - 1.5 T, 13 - 60 MHz 1H and 9 - 45 GHz
electron Larmor frequencies).6"8 It is clearly of interest to advance this technique by
exploiting the greater spectral resolution and sensitivity potentially achievable at higher field
strengths. However, experiments performed at higher fields require more powerful
excitation radiation, and a major technical impediment has been the dearth of reliable high
frequency, high power microwave sources. Most of the currently available high frequency
sources, such as extended interaction oscillators (EIO) or backward wave oscillators
(BWO), rely on fragile slow wave structures that have relatively short life times and
therefore high operating costs. However, plasma physicists have been developing
cyclotron resonance maser (gyrotron) sources to produce high power-high frequency
microwaves for the diagnosis and heating of plasmas. 9, 10 One of the principal advantages
of the gyrotron is that it emits radiation at a frequency determined principally by the
strength of a static magnetic field and not by the dimensions of small slow wave structures.
This allows the production of high powers (102 - 106 W) at high frequencies (30 - 600
GHz) without the generation of damagingly large energy densities found in slow wave
structures. Furthermore, as will be discussed, the frequency stability and phase noise of
the gyrotron can be optimized by choice of power supply, magnetic field stability, and
resonator.
The characteristics of gyrotrons discussed above make them potentially attractive
for use in DNP and EPR. However, most gyrotron designs are focused on operation in
the high power (1 kW to 1 MW) - short pulse (gsec) regime and with frequency stability
on the order of 101 -102 MHz (100 - 1000 ppm). 11 We have redesigned a 140 GHz
gyrotron for operation in a CW mode at 102 W power levels to perform DNP and EPR in
5 Tesla magnetic field strengths. 12,13 The frequency drift has been reduced to about 2
ppm. Finally, since the understanding and optimization of high field DNP require
knowledge of the EPR spectrum and the relaxation characteristics of the paramagnetic
center in the samples, and given the absence of EPR data at 140 GHz, it was necessary to
develop a 140 GHz continuous wave and pulsed EPR spectrometer to complement the
instrumentation for DNP. Moreover, the advantages of increased resolution and sensitivity
attainable with high frequency EPR have made it an area of intense interest and
development in its own right.14
This article contains three major sections: the first describes the gyrotron and the
high field DNP spectrometer, the second details the high frequency EPR spectrometer; and
the third contains exemplary spectroscopic results utilizing the instrumentation.
DNP Spectrometer
Figure 1 illustrates three basic solid state DNP/NMR experiments: A saturating
microwave pulse (with a duration on the order of the nuclear spin relaxation time Tin)
produced by the gyrotron is guided into the NMR probe where it irradiates the electron
spins at or near their Larmor frequency. Via mechanisms such as the Overhauser Effect,
the Solid Effect or Thermal Mixing Effect, 15 the electron polarization is transferred to
protons and subsequently to a rare spin nucleus using a standard cross polarization
sequence 16 (Fig. 1 A) or transferred directly to a rare spin nucleus with detection under
proton decoupling (Fig. 1 B). Dynamically polarized 1H signals can also be directly
detected via a spin echo (Fig 1 C).
The DNP spectrometer, a general layout of which is displayed in Figure 2, consists
of three main units: the magnet and field sweep system, the NMR console and probes, and
the gyrotron with its associated waveguide components. These units are discussed below.
Magnet and Field Sweep System. The 5.0 T magnet (Cryomagnet Systems Inc.) has a 100
mm bore, a full set of room temperature shim coils, a set of superconducting shim coils,
and a Zo superconducting sweep coil capable of varying the field ±75 mT. The use of a
separate superconducting sweep coil drawing < 15 A results in a reduced helium
consumption rate (approximately 0.4 1/hour during use) compared to sweeping the main
coil. The field sweep is controlled by a computer-interfaced 2H lock channel,17 in which
the dispersive component of a 2H NMR signal is used as the error signal in a feed back
loop. To change the magnetic field strength, the frequency of the lock channel synthesizer
is stepped a given amount which results in an off-resonance NMR dispersion signal.
Depending on the sign of this signal, current is supplied or withdrawn from the sweep coil
which induces a shift in the field until the dispersion (error) signal is zeroed. To span the
0.15 T field range (about 2 MHz deuterium Larmor frequency) while retaining a
reasonably high Q (60) circuit, the resonance frequency of the NMR probe is continuously
varied under computer control to track the 2H frequency as the field is swept.17
NMR Console and DNP Probes. The NMR RF section, designed and built in-house,
utilizes a heterodyne mixing scheme with an IF of 120 MHz. It provides variable phase
capability for phase cycling and the option of up to 4 variable amplitude channels for cross
polarization/decoupling experiments. The NMR signals are digitized with a 125 MHz
LeCroy 9400 digital oscilloscope which also is utilized by the EPR spectrometer. The data
is transferred to a VAX work station (Digital Equipment Corporation) for storage and
processing.
The DNP/MAS probe (Fig. 3) utilizes 7 mm rotors (Doty Scientific) with spinning
speeds up to 6 kHz. The microwave radiation is introduced into the sample parallel to the
rotor axis using an open piece of WR-8 waveguide bent to the magic angle. 1H and 13C
pulse lengths are typically 2.5 .tsec and 4 Iisec, respectively. The probe is capable of
functioning down to approximately 150 K. This lower bound temperature is determined
by the efficiency of the heat exchange system used to cool the drive and bearing gas. The
DNP/Static probe (Fig. 4) has a 4 mm i.d. 5 turn coil made with Teflon insulated copper
wire. A semirigid coaxial cable is attached to the coil and to the top of the probe. Its length
is approximately 3V/2 for 1H resonance. Tuning and matching for both 1H and 13C are
achieved by variable capacitors which are external to the low temperature cryostat which
houses the probe. 1H and 13C 900 pulse lengths are typically 2 .tsec and 3.5 gsec,
respectively. The probe functions in the 5 - 300 K regime.
In both the static and MAS probes, the microwaves are transmitted to within 10 cm
of the sample using K-band waveguide (WR-42, 0.23 dB/foot attenuation @ 140 GHz)
which is used rather that the fundamental D-band (WR-8, 3 dB/foot) to minimize losses.
Near the coil, the WR-42 waveguide is tapered to WR-8. In the MAS probe, a piece of
open WR-8 waveguide in the form of a 54.70 (the magic angle) E-plane bend is connected
to the taper and extends inside the stator to within 1 mm of the rotor's endcap (Fig. 3).
This arrangement is similar to that developed by McKay and Schaefer (operating at 1.4
T),6 while Wind 18 and Yannoni8 (also at 1.4 T) independently developed probes in which
the microwaves are delivered normal to the spinning axis. A flat disc of copper has been
mounted at the rear of the stator. By properly adjusting the position of the copper disc,
enhancements can be increased three-fold relative to those obtained without the mirror. For
the DNP/Static probe, a piece of WR-8 waveguide is positioned vertically above the coil
such that microwaves are launched between the turns of wire. A concave mirror is placed
below the coil and positioned for maximum enhancements (Fig. 4). The microwave Q's of
the MAS and static systems are low, -~1 - 5, which limits the microwave B1 field and
hence the DNP enhancement. However, the advantage of the designs is that they retain the
optimal filling factor and Q of the NMR systems since the microwave components used to
introduce the microwaves do not perturb the RF circuitry.
The Gyrotron. The gyrotron (also called a cyclotron resonance maser) is a high-power
microwave source and consists of a resonant cavity positioned concentrically within a time-
independent magnetic field. A hollow cylindrical beam of electrons (each electron
following a helical trajectory) interacts with the microwave fields inside the resonant cavity.
The electrons gyrate with frequency Q2 = eBo/m, where m = ymo, y is the relativistic factor
y = k(1-v2/c2), and mo is the rest mass. By design, the gyration frequency, 92, of the
electrons is very close to the resonant frequency of the cavity, co. If the electrons have
relativistic energies, their interaction with the microwave fields will cause their gyrations to
become phase coherent. Energy is transferred from the gyrating electrons to the
microwave fields. The principles of operation of the gyrotron will be summarized,
followed by a more detailed description of its components. 11,19
The microwave generation in a gyrotron is based on the cyclotron resonance maser
instability of electrons "gyrating" in a static magnetic field. This instability arises from the
relativistic changes experienced by the electron's mass. Explicitly, the cyclotron frequency
of an orbiting particle in a static magnetic field is given by :
- eBo
j'nc (1)
in which e, m are the charge and rest mass of the electron, and BO is the applied field. g is
the relativistic factor:
= v2Y = -2 (2)
where v is the velocity of the electron and c is speed of light.
The energy of a particle in a given reference frame is:
; = ync2 (3)
When the electrons enter a region where an oscillating electromagnetic field is present, the
change in energy caused by an electric field can be equated to the change in total energy that
the particle experiences in a time At:
eE vAt
Ay = - 2  (4)
me
2
Using Equation (1), a change in the electron's total energy produces a change in its
cyclotron frequency given by :
Amo=- eB 0  A2 2(5)
y mc
Thus, electrons moving in a direction opposite to the field will accelerate (Ay > 0) and their
gyrofrequency will decrease, whereas those moving with the field will decelerate (Ay < 0)
and their gyrofrequency will increase. The net effect of this over a number of cycles is to
cause the orbital phases of the electrons (initially exhibiting a random distribution) to bunch
together. This is known as azimuthal or transverse phase bunching and causes electrons to
radiate coherently. Notice that for non-relativistic electrons the gyrofrequency does not
change and the phases remain randomly distributed. With the wave frequency slightly
greater than the electron gyrofrequency, optimum energy transfer from the electrons to the
microwaves takes place (cyclotron radiation), and with optimal bunching, as much as 70%
of the transverse energy of the beam can be converted to microwave energy. The
conversion is achieved in a resonator or waveguide which supports the microwave field.
The interaction of the beam with the microwave electric field can lead to self-oscillation or,
if the field is provided by an external source, amplification is possible.
Our gyrotron generates millimeter waves at 139.56 GHz the frequency is
determined by the external magnetic field (5.4 T), the cathode voltage (-42 kV) and the
resonator (diffractive Quality factor - 5,000). Other basic components of the gyrotron
(Fig. 5) include a 5.4 T magnet with split coils (Cryomagnetics, Inc.), an electron gun
(Varian Associates), and a vacuum tube which consists of a beam tunnel, a resonator,
mode converters and a miter elbow.
The gun cathode electric potential is varied to focus the electron beam along the
beam tunnel axis. For our system, the emitted current varies from 10-100 mA with an
applied voltage of -42 kV to the cathode and -28 kV to the focusing electrode. The electron
gun and vacuum tube are maintained in the 10-8 to 10-7 Torr pressure regime by vacion
pumps (Varian Associates).
A beam tunnel, consisting of intercalated copper and beryllia annuli, is positioned
at the front end of the gun and before the resonator to collimate the electron beam as well as
to absorb any microwave radiation reflected back toward the gun. The inner diameter
profile of the beam tunnel resembles the compression path that the electron beam
experiences.
The resonator operates at 139.56 GHz in the TE031 mode. The geometry is such
that the electron beam, whose radius at the center of the resonator is 1.82 mm, interacts
with the second radial maximum of that resonant mode and therefore facilitates the
conversion of beam energy to microwave radiation. This design avoids operating at the
higher current densities and space charges required to interact with the first (innermost)
radial maximum. In order to compress the beam to 1.82 mm, it is critical to attain a
specific ratio of the magnetic field strengths at the resonator and at the gun, which in our
gyrotron is 25. Minor adjustments to this ratio are made by applying current to a 6-turn
water-cooled coil placed around the gun to produce an additional field of up to + 0.2 T.
The resonator is designed such that backwards emission of microwaves into the gun region
is cutoff. The resonator consists of circular waveguide with a straight section of 15
wavelengths, a down-taper (cutoff) angle of 20 and an up-taper (output) angle of 40. The
theoretical diffractive Q of the resonator is about 5000.
Conventional gyrotron operation (such as in plasma diagnosis) consist of low duty
cycles (< 1 %) with short (msec) pulses.20 DNP experiments, however, require CW or
quasi-CW operation since the polarization transfer effected by the microwaves takes place
on the order of the nuclear Tin (seconds). The high duty cycle deposits significant
amounts of power in the form of heat into the resonator. Resonator expansion then leads
to a frequency drift of -2.2 MHz/K. Since the resonator resides in ultra-high vacuum (10-8
Torr), the heat must be dissipated by circulating chilled water through a cooling jacket
braised to the resonator. Using this cooling scheme, the gyrotron frequency is stable to ~ 2
ppm shot-to-shot. There is a 5 ppm transient drift which occurs during the first 3 seconds
of operation but which stabilizes once the resonator reaches thermal equilibrium and is
therefore irrelevant under CW operation. The 2 ppm instability arises from fluctuations
(200 ppm) of the HV power supply. We have determined that the gyrotron's frequency
fluctuation equals 0.14 ppm/volt. Thus, operating the power supply at -45 kV produces a
voltage fluctuation of -9 volts which leads to a frequency fluctuation of about 1.4 ppm.
Water-cooling is employed to stabilize the temperature of the resonator. Thus we are able
to achieve a frequency stability of 2 ppm. Indeed, measurements made with a spectrum
analyzer (HP) show the noise is -16 dBc @ 100 kHz from carrier.
The electron beam decompresses upon exiting the magnet and is collected on a
section of 1.27 cm (0.5 in.) diameter waveguide. Remnant beam electrons are deflected
into the collector by a transverse magnetic field generated with permanent "kicker"
magnets. The large amount of power (0.1 - 4 kW) deposited on the collector is dissipated
by flowing water (-4 1/min) through an external jacket.
The microwave output is transmitted down the collector in the (circular) TE03
mode. Before exiting the tube through a quartz window (which separates the vacuum
space from atmospheric pressure), the microwaves experience two mode conversions.
The first axisymmetric mode converter takes the TE03 mode into TE02 and the second
converts the TE02 into TE01. The two step mode conversion is necessary to avoid exciting
other spurious modes. After the mode conversion, microwaves encounter a miter elbow
(Fig. 5) which blocks electrons which have not been deflected to the collector walls (and
would otherwise strike the quartz window). The elbow consists of two pieces of
overmoded waveguide at a 900 angle joined by a copper mirror positioned 450 with respect
to the axes of these pieces. The quartz window, located at the output of the miter elbow,
allows propagation of the microwaves out of the vacuum space. Its thickness is equal to an
integral number of half-wavelengths (10 in this case) to avoid generating standing waves
between the resonator and the window. Once outside the gyrotron, the microwaves
experience another mode conversion by a wriggler converter which takes the circular TE01
into circular TEl 1. All of the mode converters have been measured to have an efficiency
greater than 99%.
The microwaves are transmitted in the circular TE 1 mode through oversized
waveguide (1.27 cm i.d., 0.01 dB/ft) to a taper and mode converter assembly which
outputs the radiation in the fundamental TE10 rectangular mode. The taper and mode
converter have a combined insertion loss of about 7 dB; this section is currently being
redesigned to improve its performance. Prior to entering the DNP probe, a high power
bidirectional coupler (36 dB attenuation on both arms) provides ports to monitor incident
and reflected microwave power. Total losses in transmission from the gyrotron output to
the sample equal approximately 10 dB.
Utilizing the current design, our gyrotron outputs about 200 W of microwaves at
the quartz window under quasi-CW (60% duty cycle) and ~10 W under CW operation.
To our knowledge, this is the only gyrotron in existence which generates high frequency,
high power microwaves under high duty cycle and CW conditions with stability suitable
for phase coherent magnetic resonance spectroscopy.
EPR Spectrometer
The implementation and characterization of DNP experiments requires a knowledge of the
EPR spectrum and relaxation rates of the paramagnetic center used as the polarizing agent.
These requirements, together with the proven utility of high frequency EPR in general,
have prompted the design and construction of a high frequency pulsed/CW EPR
spectrometer2 1 which utilizes the same superconducting magnet as the DNP spectrometer.
The main features of the EPR spectrometer include a quadrature detection scheme in both
the pulsed and CW modes, a large bore magnet with a superconducting sweep coil which
is separate from the main superconducting coil, and a field sweep system based on a 2H
lock channel signal 17 as described above. The main coil of the magnet is centered at a
field value of 4.974 T (g = 2.004 for 139.500 GHz). The total range of the sweep coil
about this field is +75 mT.
Variable temperature operation (4 K - 300 K) is achieved by boiling liquid helium
or nitrogen and transferring the cold gas through a vacuum jacketed transfer line into a
dewar (Nalorac Cryogenics Corporation) and over the resonator and sample. Temperature
measurement/control is achieved using a silicon diode sensor and heater tape in conjunction
with a temperature control unit (Lake Shore).
Microwave Bridge. A block diagram of the high frequency EPR spectrometer is given in
Figure 6. The high-frequency EPR spectroscopy of this group employs a home built 140
GHz super-heterodyne spectrometer with quadrature detection. The 139.500 GHz RF is
split into signal and reference arms. The 139.950 GHz LO is also split into signal and
reference arms. The signal 139.500 GHz RF is transmitted from its source to the resonator
via a circulator (Hughes). The returning signal 139.500 GHz RF is directed, via the same
circulator, to a mixer (Hughes), where it is mixed with the 139.950 GHz LO to generate a
signal 450 MHz IF. The reference 139.500 GHz RF is mixed with the 139.950 GHz LO
to generate a reference 450 MHz IF. The signal 450 MHz is amplified by a low-noise
tuned pre-amplifier (ARRA) and an untuned low-noise high-gain amplifier (Avantek). The
signal 450 MHz and reference 450 MHz are mixed together in quadrature. The resulting
quadrature channels are sent to matched lock-in detectors (E.G.&G. Princeton Applied
Research) tuned to detect the first or second harmonic of the field modulation frequency.
The voltage at the lock-in detectors is sampled and transmitted over a GPIB to a VAX
2000 work station (Digital Equipment Corporation), where the data is stored and phased to
obtain pure absorption and dispersion spectra.
Each of the microwave sources (Millimeter-Wave Oscillator Company), operating
at 139.50 and 139.95 GHz, comprises a solid-state oscillator, two varactor triplers, and two
Gunn diodes; or a self-excited gyrotron oscillator. The solid-state oscillator (Gamma
Microwave) is phase-locked to a crystal oscillator (XO) 50 MHz signal (PTS) and has an
output frequency of 15.500 GHz. The DRO output is tripled by the passive varactor tripler
(Spacek) to 46.500 GHz. The first of the Gunn diodes (Hughes) is injection-locked by the
output of the tripler. The second Gunn diode (Hughes) is injection-locked by the output of
the first Gunn diode thereby achieving an increase in power. The output of the second
Gunn diode is also tripled to 139.500 GHz. The noise of 139.500 GHz signal is -88 dBc at
100 kHz from carrier. The output power at the second tripler is approximately 10 mW.
Employing the solid-state assembly described above it is possible to deliver -3 mW to the
EPR resonator and to generate a B field of 0.02 G (equivalent to a 7t/2 pulse of -200 nsec)
at the sample using the cylindrical resonator described below.
The noise figure of the CW EPR spectrometer, approximately 42 dB, is largely
determined by the phase noise of the sources. Analysis of the frequency multiplication
used to generate the 140 GHz radiation predicts a noise figure of 88 dB at 1 kHz (the
frequency of the field modulation) from carrier; however, as previously noted21 the phase
locking and mixing scheme produces a phase correlation between the signal and reference
channels which reduces the resulting spectrometer noise figure. Sensitivity for low loss
samples has been measured to be 1010 spins/mT.
Resonators. Both cylindrical and Fabry-Perot resonators have been utilized as high
frequency EPR microwave resonant structures. 22 -26 The Fabry-Perot resonator
(Aewrowave) is arranged semi-confocally and supports the TEM00p mode, where p is
typically 7. The flat bottom mirror is constructed from PC board which has been cut,
polished and plated. The use of PC board allows simple fabrication and plating while the
thin layer of copper allows the penetration of the RF field modulation. Samples to be
studied are generally placed directly on this flat bottom mirror. This position allows the
sample to interact maximally with the B1 field and minimally with the E1 field. Droplets
of liquid samples (-2 gl) to be studied either as fluid or frozen solutions are pipetted onto
the mirror and flattened by covering with (-0.01") thick Kapton (DuPont) or or TPX
(Phillips) disks. It is also possible to study frozen liquid samples (-6 pll) flattened with a
thin Kapton or TPX disks. The Fabry-Perot resonator has a Quality Factor of -1,000
when the sample is in place. and the maximum B 1 field generated using the Gunn diode
source is 5 gT. Fabry-Perot resonators are used when for example sample access is
important.
Cylindrical resonators (Fig. 7) are generally preferred over the Fabry-Perot because
of their greater filling factor, decreased sample size requirement, better stability, and easier
coupling adjustability 22-26 For most samples we achieve slightly better results with the
cylindrical resonator which has an estimated quality factor of approximately 700 - 1,000.
The cylindrical resonator supports the TE011 mode. For a resonator in the TEmnp mode,
the design equation is
0 = (c Xmn/1) 2 -(2 af)2 + (c p/2)2(2 a/d)2
where c is the speed of light, Xmn is the nth root of the nth Bessel function, a is the radius, f
is the frequency, and d is the length.2 7 We choose 2 a = d to maximize the diffractive
Quality Factor.27 Thus the cylindrical resonator has a diameter and length equal to 2.83
mm. Frequency tuning is achieved by the motion of one micrometer-driven spring-loaded
plunger. The effective length (extension inside the resonator) of the opposite, fixed plunger
is adjusted using spacers such that the coupling iris is centered when the resonator is tuned
to the TE011 mode. Spacer thickness and iris hole diameters are optimized for different
classes of samples (powders, frozen solutions, lossy and non-lossy fluids). Variable
coupling is achieved by rotating the waveguide with respect to the axis of the resonator.
The sample is placed in a fused silica tube (Wilmad) which typically has an inner diameter
equal to 0.40 mm and an outer diameter equal to 0.55 mm. The tube is positioned
concentrically within the cylindrical resonator. In this way it is possible to load
approximately 120 nl of sample. The size of the quartz sample tubes (Wilmad) range
from 0.8 mm o.d., 0.7 mm i.d. for use with frozen solutions to 0.33 mm o.d., 0.2 mm i.d.,
for use with aqueous fluid solution. Estimated loaded Q values are approximately 700 -
1000. Slots cut 0.25 mm wide and 0.25 mm apart do not significantly degrade the Q of
the resonator but allow RF penetration. This resonator is therefore suitable to perform
ENDOR and DNP as well as EPR experiments. The Fabry-Perot resonator can be loaded
with more sample than the cylindrical resonator, but the cylindrical resonator has a larger
filling factor and gives a superior signal-to-noise ratio. The conversion factor of
microwave power into B1 in the cylindrical resonator is given by :
BI = cv' P (6)
where c is a constant including sample volume, filling factor and other constants, Q is the
resonator quality factor and P is the power incident at the resonator. With 250 mW
delivered to the EPR board from the gyrotron, we obtain about 23 mW at the cylindrical
resonator. The duration of a 900 pulse was measured to be 56 nsec. Our conversion factor
is then -36 .T/4W, which is similar to that found in other high frequency EPR
spectrometers employing cylindrical resonators. 22 ,2 5
Pulsed Operation. The microwave switches (Donetsk Physico-Technical Institute of the
Ukraine Academy of Science) employed in high frequency pulsed EPR operation have an
insertion loss of 4.5 dB and isolation of 57 dB at 140 GHz , rise/fall times of -4 nsec and
are capable of handling powers up to 0.5 W. Since amplifiers at these frequencies are
currently unavailable, the power which is gated by the switch is not additionally amplified
and we are therefore limited in total power at the resonator to a maximum of 180 mW.
However, at an operating frequency of 140 GHz, the high efficiency of cylindrical
resonators together with the ability to maintain a high Q without sacrificing the required
bandwidth allows moderate Rabi frequencies to be achieved even with this power
limitation (vide infra). Moreover, the use of low powers eliminates the need for additional
high frequency protection switches for the microwave mixer and greatly improves
experimental deadtime by reducing resonator ringdown times. The experimental deadtime
on our spectrometer is effectively 30 nsec and is determined not by resonator ringdown,
but by saturation recovery of the RF preamplifier.
Results and Discussion
DNP-MAS. The theory for DNP has been extensively discussed in several review articles
and books.28-32 We are concerned in this subsection exclusively with the solid effect,
which involves the irradiation of nominally forbidden transitions between the electron-
nuclear pair energy levels. The electron-nuclear dipolar interaction mixes the pure Zeeman
states giving a nonzero probability of driving the flip-flop transitions (l+e-n> < I-e+n> ) or
flip-flip transitions (I+e+n> t* I-e-n> ).
The DNP enhancement is defined as the ratio of the enhanced signal to the normal
signal minus one. The maximum enhancement attainable is given by the ratios of the
electron and nuclear gyromagnetic ratios which for 1H and 13C are 657 and 2615,
respectively. However, these enhancements are rarely attained experimentally because of
leakage, incomplete saturation, and other experimental factors. A practical formula for the
enhancement involving the main parameters for non-saturating microwave power levels
for the solid effect has been given by Wind:7
CESE'yh 2 NeBI2Tn (7)
Yn b38 B-o (7)
where ge, gn are the electron and nuclear gyromagnetic ratios, respectively, h is Plank's
constant, Ne is the density of unpaired electrons, 8 is the EPR linewidth, b is the nuclear
spin diffusion barrier,33 B1 and Bo are the microwave and static field strengths
respectively, and Tin is the nuclear spin lattice relaxation time. It can be seen that the
enhancement decreases as 1/B0 2. This dependence must be overcome if one is to attain
significant DNP enhancements while exploiting the increased spectral resolution possible at
higher fields. In order to improve the enhancement via the solid effect, one desires a
narrow EPR line, a large B 1 (demanding high power-high frequency microwave sources),
a high number of unpaired electrons (Ne), and a large nuclear Tin.
The sample utilized in these studies consists of 2 % (w/w) BDPA (cz,y-
bisdiphenylene-fp-phenylallyl) (Aldrich) doped into polystyrene (PS) (Aldrich) prepared
following established procedures.6,7 At magnetically dilute concentrations, the EPR
spectrum of BDPA consists of a single narrow EPR line with a peak-to-peak width of
-700 pgT at 140 GHz. Figure 8 depicts the 140 GHz EPR spectrum of 2% (by weight)
BDPA doped into polystyrene, together with the high field spectra of two additional free
radical samples (galvinoxyl in polystyrene and a frozen solution of 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) in 1:1 water:glycerol) which exhibit varying degrees of g-
anisotropy and nuclear hyperfine couplings.
Estimates based on the power delivered by the gyrotron to the output of the magic
angle bend waveguide (3.6 W) give B1 values of -100 4.T for the configuration shown in
Figure 3. For the 2% BDPA/PS system we measure 1H T1 to be 1.7 seconds at room
temperature. Use of these values in Equation (7) yields a theoretical enhancement of -16
for protons. We have observed experimentally room temperature enhancements of 10,34 in
good agreement with theory.
In order to assess the microwave B1 field distribution within the NMR rotor, we
performed experiments in which samples of several sizes and geometries were used.
Within experimental error, the DNP enhancements were equivalent in all cases,
independent of sample size or position. Although this implies a qualitatively uniform
distribution of the microwave B1 within the rotor, a quantitative profile requires more
complete mapping.
Experiments were performed to measure the DNP enhancement to protons via
detection of the cross-polarized 13C signal using the pulse sequence shown in Figure 1 A.
Figure 9 A displays the 13C spectra with and without microwave irradiation with the
external field adjusted such that Ogyro = we- OH, where we and 1oH are the electron and
proton Larmor frequencies, respectively. The maximum enhancements occur at field
offset values corresponding to ±IoH, characteristic of the solid effect. This behavior is
clearly exhibited when the enhancement is plotted as a function of magnetic field offset
(Fig. 9 B). Figure 9 C shows the detection of DNP directly to 13C through the application
a 13C 900 pulse followed by 1H decoupling (Fig. 1 B). It can be seen that the linewidths of
these spectra are broader than those obtained through DNP to 1H with subsequent cross
polarization (Fig. 9 A). This linewidth difference has been explained by a mechanism
involving nuclear spin diffusion, which is present for abundant 1H spins but absent for
dilute 13C spins. 33,34
DNP Static. The sample consisted of a water:glycerol solvent system which contained
13C carboxylate-labelled glycine as the solute to be polarized and the nitroxide radical
TEMPO as the paramagnetic species. About 100 gl of the sample was transferred to a 4
mm o.d. quartz tube and after several freeze-pump-thaw cycles the tube was sealed. The
experiments were performed at 14 K using the previously described static DNP probe
(Fig. 4).35 Figure 10 displays the IH DNP enhancement detected through cross
polarization to 13C. The downfield peak corresponds to the 13C labelled carboxylate of
glycine while the upfield peak arises from natural abundance 13C in glycerol. The DNP
enhancement amounts to a factor of 185.
The free radical TEMPO was chosen as a polarizing agent because it is a stable,
biologically compatible species which is soluble in a variety of solvents, including water
based systems. Its high frequency EPR spectrum is much broader than that of BDPA (Fig
8) which, according to Equation (7), should drastically reduce the DNP enhancement
arising from the solid effect. However, since the linewidth of TEMPO is on the order of
the proton Larmor frequency, it becomes feasible to transfer polarization to the protons via
an additional DNP mechanism, the thermal mixing effect.28,32 The mechanism of thermal
mixing is based on the cooling the nuclear Zeeman reservoir (hence enhancing nuclear
polarization) indirectly via the cooling of the electron dipolar reservoir through the
irradiation of allowed EPR transitions. This is in contrast to the solid effect which is based
on driving (weak) forbidden transitions. For the thermal mixing effect, the maximum
positive and negative enhancements occur at B - (toe + 8 )/Ye and (oe - 8 )/Ye,
respectively. The maximum enhancement is described by the following equation: 7
,TM = ae 
N2/
! T] li 1 (8)
where a contains physical constants and Tle is the electronic nuclear relaxation time. Note
the weaker inverse field dependence (1/B0) of thermal mixing relative to the solid effect.
Figure 11 shows the field dependence of the 1H DNP enhancement utilizing the gyrotron
as a microwave source at approximately the same power used in the MAS experiment
shown in Figure 9 A. The maximal enhancements occur at field offset values (±135 MHz)
significantly below those expected if the solid effect were the dominant DNP mechanism
(± 211 MHz). This and other evidence34 suggests the important role the thermal mixing
mechanism may play in high field DNP experiments.
EPR. We have previously reported the results of high frequency CW EPR studies of
P700 from Cyanobacterial PS-I36 and of the stable tyrosyl radical found in the R2 subunit
of E. Coli. ribonucleotide reductase. 37 The increased resolution in these spectra afforded
by acquisition at high field allowed the determination of all three principal g-values in
powder samples. For the case of the ribonucleotide reductase tyrosyl radical, anisotropic
components of the hyperfine coupling constants of the -CIH2- and aromatic ortho protons
were determined from resolved splittings at each of the g-value turning points.
Implementation of pulsed methods greatly expands the scope of possible high
frequency EPR experiments. These time domain techniques include Fourier Transform
EPR (FT-EPR), electron spin echo envelope modulation (ESEEM), echo detected EPR
(ED-EPR) and relaxation rate measurements. Examples and a discussion of these
techniques at high frequency follows.
ESEEM. ESEEM is used to determine the identity, location, and number of nuclei
coupled to an electron spin through the determination of nuclear hyperfine and quadrupole
coupling constants.38 The amplitude of the ESEEM effect is dependent on the degree of
mixing of electron-nuclear Zeeman eigenstates by nuclear quadrupole and/or anisotropic
electron-nuclear hyperfine coupling and is a resonant function of the static magnetic field
strength39,40 . Proper choice of the magnetic field strength can therefore accentuate or
attenuate ESEEM from a given nucleus. The field BO at which maximum ESEEM occurs
for a simple electron spin 1/2 system is given by I-gn gn B01 = IvnI = IAeff/2 1, in which gn is
the nuclear g value, gn is the nuclear Bohr magneton, and Vn is the nuclear Larmor
frequency. The effective hyperfine coupling constant Aeff is given by
[(Aillf+ (A212f+ (A313 f ]1/2 (9)
in which li is the direction cosine defined by the orientation of the magnetic field and the
hyperfine interaction principal axis corresponding to the principal value Ai. For the 14N
nucleus in the chemically and spectroscopically important nitroxide moiety, the values of
the anisotropic hyperfine coupling constants are generally in the range Al - 19 MHz, A2~
17 MHz, A3 ~ 90 MHz.4 1 At conventional EPR field strengths, with vn = 1 MHz to 4
MHz for 14N, these values lie outside the range of significant ESEEM amplitude and only
weak, if any, modulation from the nitroxide nitrogen can be detected. However, at 140
GHz (Vn = 15 MHz) the range of maximum amplitude is entered and large amplitude
ESEEM can be observed.
Figure 12 shows a three pulse (stimulated) electron spin echo envelope modulation
pattern obtained from a single crystal of tetramethyl-1,3-cyclobutanedione grown in the
presence di-tert butyl nitroxide via vacuum sublimation. This pattern was obtained using
a Gunn diode as the microwave source, which delivers approximately 1 mW of power to
the resonator. In spite of this low power, reasonable 900 pulse widths (150 nsec) can be
obtained using cylindrical resonators, which have high conversion factors at these
frequencies. The low power of excitation eliminates the need for microwave protection
switches (and the associated insertion loss) on the detection arm of the spectrometer.
However, the relatively small excitation bandwidth limits observable ESEEM peaks to
below -2 MHz and complicates detailed analysis of the modulation pattern. A tentative
assignment of the modulation as arising from the nitroxide 14N can be made. Use of
higher power (0.5 -1 W) sources, such as a gyrotron (vide infra), will lead to a broader
excitation profile and the observation of higher frequency modulation, This, together with
a more complete single crystal rotation study, will facilitate the analysis of the ESEEM of
this nitroxide system. These preliminary results suggest a general means of acquiring
ESEEM from strongly coupled nuclei which yield no modulation at conventional field
strengths. By performing experiments at high frequency/field, the match condition 39,40
which governs ESEEM amplitude may be achieved and modulation may be observed.
ED-EPR. The pulsed technique of echo detected EPR measures the absorption spectrum
by monitoring the intensity of a spin echo as the external field strength is swept. It is
useful for obtaining EPR spectra of transient species or for species with very broad
resonances which may not be amenable to conventional field modulated CW techniques.
ED-EPR spectra also provide a potential means to separate overlapping spectra based on
differences in the relaxation rates of the species involved.
The Mn(II) ion is an important spectroscopic probe of magnesium binding sites in
a wide variety of enzymatic complexes.42,43 Similarities in the binding characteristics of
the two ions lead to little structural and functional differences in many enzymes for which
Mn(II) has been substituted for Mg(II). Since Mn(II) is paramagnetic this substitution
allows the study of the metal binding site using EPR spectroscopy. In almost all relevant
complexes Mn(II) is high spin (S = 5/2) and therefore experiences a zero field interaction
which influences to first order EPR transitions involving Ms = ±5/2 and ±3/2 levels and to
second and higher order the central Ms = -1/2 c:* +1/2 transition. Since the perturbative
broadening of this central transition by the zero field splitting interaction scales inversely
with field strength, it is useful to study Mn(II) complexes at high field/frequency to obtain
narrow EPR lines. These narrow lines more clearly reveal the ligation of magnetic nuclei
(such as 170) to the metal through hyperfine splitting or broadening. 43
Figure 13 illustrates the ED-EPR frozen solution spectrum of the Mn(II) ion
coordinated with GDP in the protein ras p21. The six narrow peaks arise from the central
Ms = -1/2 4e +1/2 fine structure transition split by the nuclear hyperfine coupling to the
Mn nucleus (nuclear spin I = 5/2). The broad, underlying resonance is attributed to EPR
transitions involving Ms = ±5/2 and ±3/2 levels which are broadened to first order by the
zero field splitting interaction. For comparison, an integrated high frequency CW EPR
spectrum of the same system is presented. Only vestiges of the broad underlying peak are
observed in the CW integrated spectrum. This resonance is largely eliminated by the field-
modulation detection scheme used in the CW experiment but is retained in the direct
detected ED-EPR spectrum.
FT-EPR. The Gunn diode sources output a maximum of 20 mW which, while sufficient
to perform pulsed experiments, cannot yield optimal pulse widths. In order to fully exploit
pulsed capabilities it is desirable to provide the maximum power allowed by the
microwave components. At present this value is 500 mW and is determined by the power
handling capabilities of the microwave switches. Switches capable of handling 100 W
peak power are currently under development (Capital Technologies) and should open the
possibility of performing high power pulsed EPR and DNP experiments. The advantages
of pulsed versus CW DNP have been discussed previously.44
To perform experiments in the pulsed mode, the gyrotron is operated at 1 W CW
in a configuration which replaces the 139.5 GHz Gunn diode at the EPR bridge (Fig. 6). A
sample consisting of a small crystallite of neat BDPA, which has an EPR linewidth of
about 200 jiT, was used to gauge the capacity of the gyrotron to function as a source. We
detected a single FID and compared it to an average of 1000 as displayed in Figure 14. The
noise is reduced from 1 FID to 1000 by a factor of 24. Theoretically this factor should be
32, which indicates that the stability of the gyrotron is not yet optimal. As described
before, the source of the gyrotron instability has been identified (power supply regulation)
and its correction should significantly improve the gyrotron's performance. Nevertheless,
improvements which have already been made to the original high power, low duty cycle
gyrotron design have significantly increased power and frequency stability. These results,
which present for the first time the use of a gyrotron in a magnetic resonance experiment,44
hold promise for the future of gyrotrons operating as high power, high frequency coherent
microwave sources.
Conclusions
In this article we describe the design and fabrication of a 5 T dynamic nuclear polarization
NMR spectrometer together with a 140 GHz CW/pulsed EPR spectrometer. Room
temperature DNP-MAS experiments performed on BDPA/PS achieved enhancements of
10 for 1H and 40 for 13C. Experiments carried out at 14 K on static samples of TEMPO
dissolved with 13C carboxylate labelled glycine in water:glycerol yielded enhancements of
185 to both solute and solvent nuclei. EPR results include examples of CW-EPR,
ESEEM, FT-EPR, and ED-EPR performed at 140 GHz.
The distinguishing component of our system is the high power, high frequency
microwave source, a gyrotron, which has been redesigned to perform DNP and EPR.
Results described here represent the first application of a gyrotron as a coherent source in a
magnetic resonance experiment. The successful operation of this 140 GHz, 5 T, 211 MHz
DNP-NMR spectrometer suggests the possibility of utilizing higher frequency gyrotrons
(e.g. 260 GHz) to perform DNP-NMR at even larger magnetic field strengths (9.4 T, 400
MHz for 1H).
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Figure 1 : Pulse sequences utilized for DNP experiments (time axis not to scale). In all
cases, the microwave pulse duration is on the order of seconds. (A) DNP-CP :Following
DNP from electrons to 1H, a standard cross-polarization sequence (duration of
milliseconds) transfers 1H polarization to 13C, (B) DNP-FID : A 900 pulse (4 psec) is
applied to 13C with 1H decoupling to directly detect the DNP of 13C nuclei. (C) DNP-
ECHO : 1H DNP is detected directly via a two-pulse echo.
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Figure 2 : Schematic representation of the DNP/EPR system. Microwaves (140 GHz, 100
W) produced by a gyrotron are transferred via waveguide to the sample in a magic angle
spinning rotor/stator system which is incorporated a standard solid state NMR probe. A
microwave directional coupler provides a means to continuously monitor the power and
frequency of the microwaves at the EPR bridge.
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Figure 3: The MAS-DNP assembly. The sample is contained in a Zirconia rotor which is
spun in a MACOR stator using pressurized nitrogen gas. The NMR coil is wrapped
around the stator. Microwaves are introduced into the rotor via WR-8 waveguide and are
reflected by a copper mirror at the rear of the stator. This arrangement retains optimal
NMR coil Q and filling factor and does not perturb the sample spinning capabilities.
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Figure 4 : The Static-DNP assembly. The Teflon insulated NMR coil is housed in a Kel-
F block to provide mechanical stability. The sample is contained in a 4 mm o.d.. quartz
EPR tube. The bottom concave mirror is translated via an external micrometer to optimize
DNP enhancements.
-8 waveguide
4
Mirror
support
NMR coil
Kel-F coil
housing
4 mm O.D.
quartz tube
Fabry-Perot
mirror
WR
Figure 5 : (Top) The gyrotron. Electrons emitted by the cathode (-42 kV) are injected into
the field (5.4 T) of a split coil superconducting magnet. Microwave radiation (139.60
GHz) generated by the gyrating electrons in the water-cooled resonator is transmitted and
mode converted before exiting the high-vacuum (10-8 Torr) gyrotron tube through a fused
silica window. The power capabilities are as follows: 4 kW with a duty cycle of 0.02%
(microsecond pulses); 200 W with a 60% duty cycle (1 to 10 second pulses); 10 W for cw
operation. Further details concerning the construction and operation of the gyrotron are
given in the text.
(Bottom) The water-cooled reonant cavity
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Figure 6 : The EPR spectrometer. Two Gunn diode sources (139.50 and 139.95 GHz, 10
mW) provide heterodyne detection capabilities. Quadrature detection is used in both the
cw and the pulsed mode. The gyrotron can also be used as a high power source. The
magnetic field is varied using superconducting sweep coils which are separate from the
main superconducting coil.
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Figure 7 :The cylindrical resonator and its components. Slots allow the penetration of RF
to perform ENDOR and static DNP experiments. The adjustable plunger provides remote
tuning of the resonance frequency. The position of the fixed plunger can be set to optimize
the loaded Q (~1000) for different sample classes such as powders, liquids and frozen
solutions. Quartz capillary sample tubes (0.3 to 0.55 mm o.d.) are fed through holes in the
center of the plungers and are held along the axis of the resonator.
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Figure 8: 139.5 GHz CW-EPR spectra (110 K) of organic free radicals which exhibit
varying degrees of g-anisotropy. (A) BDPA (a,y-bisdiphenylene-j3-phenylallyl) doped 2
% by weight into polystyrene (gmax - gmin = Ag = 2.7x10-4). (B) Galvinoxyl doped 2 %
by weight into polystyrene (Ag = 3.83x10-3). (C) frozen solution of 2.5 mM of TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxy) in 1:1 water:glycerol (Ag = 6.65x 10-3).
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Figure 9: DNP-magic angle spinning (MAS) spectra of 2% BDPA/polystyrene sample
at room temperature. Larmor frequencies of 1H and 13C in these spectra are approximately
211 and 53 MHz respectively. Chemical shifts are referenced to 13C of tetramethyl silane.
(A) 13C signal after cross polarization with and without microwave irradiation (1H DNP
enhancement of 10). Experimental parameters (pulse sequence of Fig. 1 A) are as follows:
recycle delay 15 sec, 4 sweeps; microwave power level 20 W; microwave saturation pulse
length 7 sec; 13C pulse width 3.6 gsec, 1H pulse width 2.3 psec , cross polarization time
0.5 msec, magnetic field strength set at +211 MHz away from the center of the BDPA
EPR line; spinning speed 3.9 kHz. (B) The magnetic field dependence of the DNP
enhancement under conditions given in (9 A). An offset of 0 MHz corresponds to the
center of the BDPA EPR line. (C) Direct detection of 13C DNP using the pulse sequence
of (1 B). All spectra were taken under microwave irradiation. The magnetic field strength
was set +53 MHz, 0 MHz and -53 MHz away from the center of the BDPA EPR line for
the top, middle and bottom spectrum, respectively, other NMR parameters are the same as
in (9 A). The DNP enhancement is 40. Experimental parameters are as follows: recycle
delay; microwave power level; microwave saturation pulse length; 13C pulse width, 1H
pulse width, cross polarization time, magnetic field strength.
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Figure 10: Static DNP spectra of 50 mM TEMPO (2,2,6,6-tetra methyl-1-
piperidinyloxy) and 50 mM carboxylate- 13C-labeled glycine in a 40:60 water:glycerol
solution at 14 K. The 13C spectra were taken following standard cross-polarization (Fig. 1
A) with (top) and without (bottom) microwave irradiation at a field strength to maximize
1H DNP. Signals from carbons on the solute (glycine) and solvent (glycerol) are enhanced
by a factor of 185. Experimental parameters are as follows: recycle delay, 1 sec;
microwave power level, 1 W; microwave saturation pulse length, 60 sec; 13C pulse width,
3 gtsec, 1H pulse width, 1.8 psec; cross polarization time, 2 msec; magnetic field strength
set at +150 MHz away from the first moment of the TEMPO EPR line.
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Figure 11 : 1H DNP field dependence of 50 mM TEMPO in a 40:60 water:glycerol
solution at 14 K under experimental conditions given in (Fig. 12). An offset of 0 MHz
corresponds to the first moment of the TEMPO EPR line. The line through the data points
is a cubic spline fit to guide the eye.
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Figure 12: Stimulated (three pulse) electron spin echo envelope modulation (ESEEM)
pattern obtained at 139.5 GHz, 4.9648 T, 15 K from a single crystal of tetramethyl -1,3-
cyclobutanedione doped with di-t-butyl nitroxide. Experimental parameters include:
incident power at resonator, ~1 mW; 7/2 pulse width, 200 nsec; time between first and
second pulse, rt, 400 nsec; step size, 50 nsec; repetition rate, 1 kHz; shots averaged per data
point, 1000.
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Figure 13: 139.5 GHz EPR spectra obtained from 125 nl of 0.9 mM ras
p21.Mn(II).GDP. (Top) Echo detected spectrum measured at 22 K using a X/2-'-it Hahn
echo sequence. Experimental parameters include: incident microwave power, -~1 mW;
ix/2 pulse width, 100 nsec; r, 400 nsec; repetition rate, 2.5 kHz. Each data point is an
average of 1000 shots. (Bottom) CW spectrum obtained at 200K, 400 mT modulation at
400 Hz, 50 mW incident power.
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Figure 14: Free induction decays (FID's) of neat BDPA obtained at room temperature
using a gyrotron as the microwave source. (A) single scan. (B) average of 1000 scans.
Experimental parameters include: microwave frequency = 139.6 GHz; incident power =
23 mW; pulse width = 56 nsec; repetition rate = 1 kHz; dwell time = 10 nsec.
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Abstract
A study of the stable tyrosyl radical (Y122) in E. coli ribonucleotide reductase using high
frequency (139.5 GHz) continuous wave electron paramagnetic resonance (EPR)
spectroscopy is presented. The spectral dispersion achieved at this frequency and
corresponding magnetic field strength (approximately 5 Tesla) allows the unambiguous
measurement of all three principal g-values (2.00912, 2.00457, 2.00225) from a frozen
solution sample. The resolution of proton hyperfine splittings along the canonical positions
in the spectrum provides a means to determine the anisotropic hyperfine coupling constants
and to correlate the g- and hyperfine principal axis orientations. The effect of hydrogen
bonding to the phenol oxygen on the g-values of tyrosyl radical species is discussed, as are
the implications of this work with regards to the extension of orientationally-selective EPR
techniques, such as ENDOR, to high frequency.
The importance of amino acid-based radicals in the catalytic transformations of a
number of enzymes has become widely recognized.1 The development of new
spectroscopic techniques to identify and characterize protein free radicals is critical to
advance the understanding of their structures and functions. Considerable structural
information has been deduced from electron-nuclear hyperfine couplings elicited through
EPR and related techniques at conventional frequencies (_<40 GHz).2 1 1 High frequency
(295 GHz) EPR spectroscopy has recently been shown to facilitate the resolution of the g-
anisotropy of free-radicals; 12-15 nuclear hyperfine structure has been observed in the high-
frequency EPR spectra of nitroxides. 16-19 In this communication we report the 139.5
GHz EPR study of the stable tyrosyl radical (Y122) in E. coli ribonucleoside diphosphate
reductase (RDPR).20-24 It is the first high frequency EPR spectrum of an endogenous
protein radical that exhibits both Zeeman and hyperfine structure and thus provides a
detailed characterization of the radical center.
The high frequency (139.5 GHz) EPR spectrum of a 200 gM frozen solution of
the B2 subunit of RDPR is shown in Figure 1 A; for comparison the X-band EPR
spectrum of the sample is shown in the insert. In contrast to the low frequency spectrum,
the structure of which is primarily governed by proton hyperfine interaction, the 139.5
GHz spectrum clearly exposes the Zeeman anisotropy; the principal g-values (Table 1) are
readily obtained from the canonical features of the rhombic Zeeman powder pattern.
Hyperfine structure is also apparent in the spectrum. A doublet structure is evident
at each canonical position; this structure can be assigned, on the basis of prior studies,3 ,24
to a P3-methylene proton with a large isotropic interaction (-20 G) and small hyperfine
anisotropy. Further structure is recognizable at the low-field edge of the spectrum, where
an additional coupling to an equivalent pair of spin one-half nuclei (assignable as the 3,5
ring protons) leads to a 1:2:2:2:1 quintet. Hyperfine structure from this pair of nuclei is
less well evidenced at the high-field edge of the spectrum and is essentially absent at the
central position, reflecting the substantial anisotropy of this interaction and the broad range
of field orientations that belong to the central canonical feature. Guided by these
observations and by comparisons with prior EPR and ENDOR measurements, 3,2 5,26 we
constructed the simulation, presented in Figure 1 B, employing the parameters shown in
Table 1. The simulation reproduces the experimental spectrum extremely well.
The hyperfine coupling values obtained in this study are in general agreement with
the more precise values determined by ENDOR; 3 their implications regarding the
electronic and molecular structure of the tyrosine have been extensively discussed. It is
worth noting, however, that the quintet structure observed in the high frequency EPR
spectrum effectively rules out ortho-substitution of the RDPR tyrosyl radical. Although
this lack of an ortho substituent has been established previously in the case of the RDPR
tyrosyl radical, 3,23,24 the application of high frequency EPR may prove useful in studies
of systems known or believed to have ortho-substitution, such as the tyrosyl radical
generated in apogalactose oxidase.7
The resolution of hyperfine structure at the canonical positions in the high
frequency EPR spectrum provides a measure of the components of the hyperfine matrix
within the molecule-based, g-axis frame. In our simulation of the high-field spectrum we
assumed a McConnell-type relation between the hyperfine principal axis orientations and
ring structure,27 and tested various alternative settings of the g-axes along the local
symmetry axes of the tyrosyl ring. In order to achieve agreement with the structure of the
experimental spectrum, we found that the axis belonging gl1 must lay parallel to the C4-O
bond, and that the principal axis belonging to g33 is normal to the ring. This disposition of
the g-axes conforms precisely to that found in the tyrosyl radical single crystal rotation
study. 25 Conversely, the assumption of such g-axis orientations could similarly enable the
determination of hyperfine axis orientations from high frequency EPR spectra of protein
tyrosyl radicals.
Included in Table 1 are g-values of other tyrosyl radicals accurately determined
either by high frequency15 or single crystal rotation28 EPR studies. In each case, the
values of g22 and g33 are nearly identical, but significant differences occur in the g11
values. This same behavior was also observed by Lebedev and co-workers16 in the 140
GHz EPR spectra of a series of phenoxy radicals and was attributed to variations in spin
density of the oxygen substituent, po. This is in agreement with Lee and Box,29 who
derived a direct proportionality relation between po and gli - ge (ge, the free electron g-
value). An analogous relation between Po and giso has been documented for phenoxy
radicals; 30-32 high frequency EPR reveals that po in the RDPR tyrosyl radical mainly
affects a single g-value, gl1.
The tabulated g-values suggest that the radical in RDPR has a -30% greater oxygen
spin density than the neutral tyrosyl radicals in PSII (YD) and in irradiated tyrosine
crystals. This result is at variance with the analysis of proton hyperfine couplings by
Hoganson and Babcock. 33 Theoretical and experimental studies of 170-labeled quinone
radicals have shown that hydrogen bonding to the oxygen substituents reduces their 170
spin density. 34 Accordingly, our conclusion is supported by ENDOR and ESEEM
studies of YD and RDPR, which reveal the presence of a proton participating in a
hydrogen-bond with the oxygen of YD,4 '33 but suggest the absence of such an interaction
in RDPR. 3 The determination of gll values by high frequency EPR may prove to be an
ideal probe of hydrogen-bonding interactions of tyrosyl radicals.
The resolution of hyperfine structure within the 139.5 GHz EPR spectrum of the
RDPR tyrosyl radical has one further implication, which we note in closing. The powder
pattern line-broadening function, which subsumes both homogenous and inhomogeneous
effects, clearly cannot involve a width greater than the minimal resolved hyperfine splitting.
In the simulation presented in Figure 1 B, the EPR spectrum is convolved with a 8.2 G
full-width at half-maximum gaussian function. Since the Zeeman dispersion is two orders
of magnitude larger than this line-broadening, a clear link between EPR line position and
orientation within the g-axis frame is made, and the prospects for high frequency
orientation selective spectroscopy are excellent. Indeed, Burghaus et al.35 have very
recently demonstrated orientation-selective effects in the ENDOR spectrum of a quinone
radical at 95 GHz.
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Figure 1. EPR spectra of the tyrosyl radical (Y122) present in RDPR. (A) High frequency
(139.5 GHz) spectrum of 5 •l of a 200 gpM solution of the B2 subunit. The high
frequency spectrometer is described in Ref. 37. Instrument parameters are as follows:
temperature, 90 K; microwave power, -~100 gW; modulation amplitude, 4 G; modulation
frequency, 400 Hz; time constant, 1 sec. (B) Simulation using the parameters listed in
Table 1. The inset is a 9 GHz EPR spectrum of -0.3 ml of the same sample.
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Table 1. Tyrosyl Radical EPR Parameter Valuesa
aEstimated uncertainties for this reference are 0.00005 for g-values and 0.5 for A values.
bgiso=(gl1 + 922 + g33)/3.
CThese g-values agree well with those obtained in an EPR study of perdeuterated samples
described in Reference 28.
dWe assume that A12 = A21 and that other off-diagonal elements equal zero, as indicated in
the text.
g-value g11 g22 g33 gisob Reference
E. Coli RDPR 2.00912 2.00457 2.00225 2.00531 this work
139.5 GHz
YD (PSII) 2.00752 2.00426 2.00212 2.00463 14C
135 GHz
Single crystal 2.0067 2.0045 2.0023 2.0045 25
9 GHz
Hyperfine Coupling All A22 A33 A2 1d(G)
f-methylene 1H 20.7 19.8 18.7 0 this work
3,5 ring 1H 8.6 4.7 7.9 3.4 this work
References
(1) Stubbe, J. Ann. Rev. Biochem. 1989, 58, 257-285.
(2) Barry, B. A.; EI-Deeb, M. K.; Sandusky, P. O.; Babcock, G. T. J. Biol. Chem.
1990, 265, 20139-20143.
(3) Bender, C. J.; Sahlin, M.; Babcock, G. T.; Barry, B. A.; Chandrashekar, T. K.;
Salowe, S. P.; Stubbe, J.; Lindstr6m, B.; Petersson, L.; Ehrenberg, A.; Sj6berg, B.-M. J.
Am. Chem. Soc. 1989, 111, 8076-8083.
(4) Evelo, R. G.; Hoff, A. J.; Dikanov, S. A.; Tyrshkin, A. M. Chem. Phys. Lett.
1988, 161,479-484.
(5) Fishel, L. A.; Farnum, M. F.; Mauro, J. M.; Miller, M. A.; Kraut, J.; Liu, Y.; Tan,
X.-L.; Scholes, C. P. Biochemistry 1991, 30, 1986-1996.
(6) Sivaraja, M.; Goodin, D. B.; Smith, M.; Hoffman, B. M. Science 1989, 245, 738-
740.
(7) Babcock, G. T.; El-Deeb, M. K.; Sandusky, P. O.; Whittaker, M. M.; Whittaker, J.
W. J. Am. Chem. Soc. 1991, 114, 3727-3734.
(8) Karthein, R.; Dietz, R.; Nastainczyk, W.; Ruf, H. H. Eur. J. Biochem. 1988, 171,
313-320.
(9) Jones, S. M.; Mu, D.; Wemmes, D.; Simth, A. J.; Kaus, S.; Maltby, D.;
Burlingame, A. L.; Klinman, J. P. Science 1990, 248, 981-987.
(10) Smith, W. L.; Eling, T. E.; Kulmacz, R. J.; Marnett, L. J.; Tsai, A. L. Biochemistry
1992, 31, 3-7.
(11) Wagner, A. F. V.; Frey, M.; Neugebauer, F. A.; Schafer, W.; Knappe, J. Proc.
Natl. Acad. Sci. 1992, 89, 996-1000.
(12) Lebedev, Y. S. in Modern Pulsed and Continuous-Wave Electron Spin Resonance.
Kevan, L. Bowman, M. K.; John Wiley & Sons, New York, 1990; pp 365-436.
(13) Prisner, T. F.; McDermott, A. E.; Un, S.; Norris, J. R.; Thurnauer, M. C.; Griffin,
R. G. Proceedings of the National Academy of Sciences 1993, 90, 9485-9488.
(14) Burghaus, O.; Plato, M.; Bumann, D.; Neumann, B.; Lubitz, W.; M6bius, K.
Chem. Phys. Lett. 1991, 185, 381-386.
(15) Gulin, V. I.; Dikanov, S. A.; Tsvetkov, Y. D.; Evelo, R. G.; Hoff, A. J. Pure &
Appl. Chem. 1992, 64, 903-906.
(16) Lebedev, Y. S. in Electron Magnetic Resonance of Disordered Systems.
Yordanov, N. D.; World Scientific, Singapore, 1991; pp 69-91.
(17) Dikanov, S. A.; Gulin, V. I.; Tsvetkov, Y. D.; Grigor'ev, I. A. J. Chem. Soc.
Faraday Trans. 1990, 86(19), 3201-3205.
(18) Gulin, V. I.; Dikanov, S. A.; Tsvetkov, Y. D. Chem. Phys. Lett. 1990, 170, 211-
216.
(19) Budil, D. E.; Earle, K. A.; Lynch, B.; Freed, J. H. in Advanced EPR: Applications
in Biology and Biochemistry. Hoff, A. J.; Elsevier, Amsterdam, 1989; pp 307-340.
(20) Ehrenberg, A.; Reichard, P. J. Biol. Chem. 1972, 247, 3485-3488.
(21) Stubbe, J. Advances in Enzymology 1989, 63, 349.
(22) Thelander, L.; Reichard, P. Annu. Rev. Biochem. 1979, 48, 133.
(23) Eriksson, S.; Sjoberg, B. M. in Allosteric Enzymes. Herve, G.; CRC Press, Boca
Raton, 1989; pp 189-215.
(24) Nordlund, P.; Sj6berg, B.-M.; Eklund, H. Nature 1990, 345, 593-598.
(25) Fasanella, E. L.; Gordy, W. Proc. Natl. Acad. Sci. USA 1969, 62, 299-304.
(26) Box, H. C.; Budzinski, E. E.; Freund, H. G. J. Chem. Phys. 1974, 61, 2222-2226.
(27) McConnell, H. M.; Heller, C.; Cole, T.; Fessenden, R. W. J. Am. Chem. Soc. 1960,
82, 766.
(28) Brok, M.; Ebskamp, F. C. R.; Hoff, A. J. Biochim. Biophys. Acta 1985, 809, 421-
428.
(29) Lee, J. Y.; Box, H. C. J. Chem. Phys. 1973, 59, 2509-2512.
(30) Felix, C. C.; Prabhananda, B. S. J. Chem. Phys. 1984, 80, 3078-3081.
(31) Prabhananda, B. S. J. Chem. Phys. 1983, 79(2), 5752-5757.
81
(32) Bowman, M. K.; Thurnauer, M. C.; Norris, J. R.; Dikanov, S. A.; Gulin, V. I.;
Tyrshkin, A. M.; Samoilova, R. I.; Tsvetkov, Y. D. Appl. Mag. Reson. 1992, 3, 353-368.
(33) Hoganson, C. W.; Babcock, G. T. Biochemistry 1992,31, 11874-11880.
(34) Feher, G.; Isaacson, R. A.; Okamura, M. Y.; Lubitz, W. in Springer Series in
Chemical Physics. Michel-Beyerle, M. E.; Springer-Verlag, 1985; pp 174-189.
(35) Burghaus, O.; Rohrer, M.; G6tzinger, T.; Plato, M.; M6bius, K. Meas. Sci.
Technol. 1992, 3, 765-774.
CHAPTER 3
EPR Investigations of the Inactivation of E. coli Ribonucleotide Reductase
by 2'-Azido-2'-deoxyuridine 5'-diphosphate:
Evidence for the Involvement of the Thiyl Radical of C225-R1 in Catalysis.
Brendan F. Bellewt§, Gary J. Gerfent§, Wilfred A. van der Donk§,
JoAnne Stubbe and Robert G. Griffint
Department of Chemistry,
and
tFrancis Bitter Magnet Laboratory
Massachusetts Institute of Technology
§ These authors contributed equally to this work.
Abstract
Ribonucleotide reductase (RNR) from Escherichia coli catalyzes the conversion of
nucleotides to deoxynucleotides and comprises two homodimeric subunits, R1 and R2.
2'-Azido-2'-deoxyuridine 5'-diphosphate (N3UDP) has previously been shown to be a
stoichiometric mechanism-based inhibitor of this enzyme. Inactivation of RNR is
accompanied by loss of the tyrosyl radical on the R2 subunit concomitant with formation
of a new nitrogen-centered radical. The X-band EPR spectrum of this stable radical
species exhibits a triplet hyperfine interaction of ~25 G arising from one of the three
nitrogens of the azide group of N3UDP and a doublet hyperfine interaction of 6.3 G,
which has been proposed to arise from a proton. High frequency (139.5 GHz) EPR
spectroscopic studies of this nitrogen-centered radical have resolved the peaks
corresponding to all three principal g-values: gll = 2.01557, g22 = 2.00625, and g33 =
2.00209. In addition, the nitrogen hyperfine splitting along g33 is resolved (AN = 31.0
G) and upper limits (-~ 5 G) can be placed on both AI and AN. Comparison of these g
and A values with those of model systems in the literature suggests a structure for the
radical, -X-N*-S-CH 2-, in which -S-CH2- is part of a cysteine residue of R1 and X is
either an unprotonated sulfur, oxygen or carbon. Use of an E. coli strain that is
auxotrophic for cysteine and contains the ribonucleotide reductase gene allowed [3-2H]-
cysteine labeled RNR to be prepared. Incubation of this isotopically labeled protein with
N3UDP produced the radical signal without the hyperfine splitting of 6.3 G, indicating
that this interaction is associated with a proton from the -S-CH2- component of the
proposed structure. These results establish that the nitrogen-centered radical is covalently
attached to a cysteine, probably C225, of the R1 subunit of RNR. Site-directed
mutagenesis studies with a variety of R1 mutants in which each cysteine (439, 462, 754
& 759) was converted to a serine reveal that X cannot be a substituted sulfur. A structure
for the nitrogen-centered radical is proposed in which X is derived from 3'-keto-2'-
deoxyuridine 5'-diphosphate, an intermediate in the inactivation of RNR by N3UDP.
Specifically, X is proposed to be the 3'-hydroxyl oxygen of the deoxyribose.
Introduction
Ribonucleotide reductases (RNRs) catalyze the conversion of nucleotides to
deoxynucleotides. 1,2 Despite the diversity of metallo-cofactors that can be utilized in this
reduction process, a common mechanism has been proposed involving three essential
active site cysteines. 1,3 Two cysteines (C225 and C462 in the aerobic E. coli reductase)
have been postulated to provide the reducing equivalents for nucleotide reduction by
electron and proton transfer reactions.4 ,5 The third cysteine, C439, is postulated to be
oxidized to a thiyl radical which initiates nucleotide reduction by 3'-hydrogen atom
abstraction from the nucleotide substrate. 3,6 In the E. coli reductase this activity resides
on the homodimeric R1 subunit. The second subunit of the E. coli RNR, R2, contains a
diferric cluster and tyrosyl radical7 that is proposed to initiate nucleotide reduction by a
series of long range coupled electron and proton transfer reactions to Ri which generates
the thiyl radical on C439.6 This model is supported by the recent structure
determinations of the R1 and R2 subunits. 8-10 The studies on the R1 subunit reveal that
the three cysteines described above are within 6 A of one another and furthermore that
C225 and C462 are present in this structure as a disulfide. 8 While mechanisms involving
thiyl radicals have been postulated, only recently with the RNR from Lactobacillus
leichmanni has direct evidence in support of this model been provided.11
A number of approaches can be used to obtain evidence in support of this model.
The most definitive approach would be to directly observe such species by EPR
spectroscopy. Alternatively, to obtain a persistent radical more amenable to study by
EPR methods, a radical trap could be built into the substrate if the active site of the
enzyme can accommodate substrate flexibility. In the case of RNR, it was established in
1976 by Thelander, Eckstein and their collaborators that 2'-azidodeoxynucleotides are
potent mechanism based inhibitors of this enzyme. 12 Detailed studies of this process
have revealed that approximately one equivalent of inhibitor results in the complete
inactivation of the enzyme13 and that this process is accompanied by rapid destruction of
the essential tyrosyl radical on the R2 subunit and concomitant formation of a new
persistent nitrogen-centered radical. 14,15 The nitrogen-centered radical has been
characterized by X-band EPR spectroscopy and shown to be composed of a 1:1:1
anisotropic triplet arising from interaction with a single nitrogen (AN = 25 gauss), and a
second hyperfine interaction possibly derived from a proton (AH = 6.3 gauss). 14 ,15
Deuterium labeling experiments in D20, 14,15 with [2H]-labeled R214 and with N3UDP
[2H]-labeled at the 1', 2', 3' and 4' positions,16 however, have failed to reveal the source
of the proton hyperfine interaction. The inactivation process is initiated by 3'-carbon-
hydrogen bond cleavage, evidenced by 3H20 release from [3'- 3H]-N3UDP and is
accompanied by rapid loss of one equivalent of N2.13 Decay of the nitrogen-centered
radical occurs over a much longer period of time, approximately 30 minutes, and is
accompanied by complete destruction of N3UDP resulting in the formation of uracil,
inorganic pyrophosphate, and 2-methylene-3-(2H) furanone. 13 Based on the postulated
mechanism for nucleotide reduction, a mechanism for the mode of inactivation of RNR
by N3UDP has recently been proposed (Scheme I).16,17 Evidence for this mechanism
was provided by studies of the C225S R1 mutant, which revealed that while the
nucleotide was decomposed in a fashion analogous to that observed with the wt-RNR
resulting in uracil and furanone formation, neither tyrosyl radical loss nor nitrogen-
centered radical formation was detected -- instead azide ion or radical was observed. 16
In addition, when [2'-13C]-N3UDP was incubated with wt-RNR, the spectrum of the
nitrogen centered radical revealed no hyperfine interaction with the 13C nucleus. These
results establish that the 2'-C-N bond is cleaved and strongly implicate C225 as a key
player in the conversion of some form of azide to N2 and a nitrogen-centered radical.
The present study describes our successful efforts using high frequency EPR
spectroscopy in conjunction with selective deuterium-labeling of RNR ([p- 2H]cysteine)
to provide evidence that the nitrogen centered radical is covalently bound to the sulfur of
a cysteine of the R1 subunit of RNR. A novel structure is proposed in which an initial
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nitrogen centered radical H-N*-SCys225R1, not detected experimentally, reacts further
with the 3'-keto-2'-deoxynucleoside 5'-diphosphate (3'-keto-dUDP) produced during this
incredible sequence of events to generate the persistent RNR SCys225-N*-X(dUDP)
structure (Scheme IV).
Results and Discussion
140 GHz EPR Spectrum of the Nitrogen Centered-Radical: While the amount and
identity of the products generated during the interaction of RNR with N3UDP have been
determined, the structure of the persistent nitrogen centered radical has remained
elusive. 13-16 In the past few years, the possibility of applying high frequency EPR
spectroscopy to the investigation of the structures of protein-associated free radical
species has been realized.18-22 In particular, our study of the tyrosyl radical of E. coli
RNR, in which principal g-values and hyperfine coupling constants were determined, 22
laid the groundwork for the present high frequency EPR investigation of the persistent
nitrogen centered radical. As in earlier studies, incubation of N3UDP with RNR for 8
minutes produced a mixture of both the tyrosyl radical and the nitrogen-centered radical.
The 139.5 GHz EPR spectrum (first harmonic saturated dispersion) of this mixture ,
shown in Figure 1 A, was subjected to a pseudomodulation algorithm to yield Figure 1 B
(see Experimental Methods). This signal comprises approximately 66% nitrogen-
centered radical, 32% tyrosyl radical, and 2% resonator-based impurity. To obtain the
spectrum of the nitrogen-centered radical (Fig. 1 E), subtractions of the remaining tyrosyl
radical (Fig. 1 C) and a signal originating from the impurity (Fig. 1 D) were carried out.
As anticipated, subsequent to these manipulations, peaks associated with all three
principal g-values of the nitrogen-centered radical are resolved (g11 = 2.01557, g22=
2.00625, and g33 = 2.00209). In addition, information concerning the nitrogen hyperfine
coupling in an axis system defined by the principal axes of the g-matrix is obtained. The
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hyperfine splitting along g33 is resolved and is measured to be A3 = 31.0 G. Although
not resolved, an upper limit of -5 G can be placed on splittings along g11 and g22, based
on the linewidths of the peaks associated with these g-values. The assignment of these
splittings to 14N is further supported by the high frequency EPR spectrum of the radical
species generated when the inactivation was carried out using [15N]-N3UDP (Fig. 2). The
collapse of the high field 1:1:1 triplet into a 1:1 doublet together with the change in the
observed hyperfine splitting from 31.0 G to 43.4 G is consistent with the substitution of
[14N]N 3UDP with [15N]N 3UDP (with the ratio of magnetic moments of 15N [I = 1] and
14 N [I = 1/2] equal to 1.40).
Possible Structures based on the Results from the High Frequency EPR Experiments.
The magnitude and anisotropy of the g-values and the nitrogen hyperfine coupling,
together with the relative orientation of the principal axes of these interactions, suggest
that this species is a 17-type nitrogen radical with the structure [X-N*-S-R]. 23-29 Table 1
shows EPR data for some known nitrogen based radicals in which a portion of the
unpaired electron density is delocalized onto adjacent sulfur or oxygen atoms. Structures
such as [R'-(N-O*)-R"]23 and [R'-N*-O-R"]24 can be eliminated from consideration since
the smaller spin-orbit coupling constant of oxygen relative to sulfur yields g-values (giso
= 2.0044 - 2.0055, e.g. Table 1, entries 1-3) well below those measured here (giso =
2.00797, Table, entry 12). Structures such as [R'-(N-O*)-S-R"] can also be eliminated as
they typically yield isotropic 14N hyperfine splittings in the range 15.4 - 18.3 G (e.g.
Table 1, entry 4)25 significantly larger than the upper limit determined by the high
frequency data (13.6 G) and the final value obtained through simulations of 9 GHz
spectra (11.7 G, Table 1, entry 12; and Fig. 3). The structures [R2-N-S*] and [R2-N-
S*=O] have been detected as transient radicals at low temperatures and can be eliminated
both on the basis of their chemical stability and their measured spectral parameters (Table
1, entries 5 and 6).26 Finally, studies of persistent radicals with the structures [R'-N*-S-
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R"] (entries 7-9)25 and [R'-S-N*-S-R"] (Table 1, entries 10 and 11; Table 2)27-29 have
shown that these compounds exhibit g-values and nitrogen hyperfine splittings
remarkably similar to those determined in this study.30 These high frequency EPR
results are thus consistent with a structure [X-N.-S-R] (X = sulfur- or carbon-based
moiety) and provide a base from which additional questions concerning the identity of the
radical can be addressed.
[fP-2H]-Cysteine RNR with N3UDP: Evidence that the Nitrogen Centered Radical is
Covalently Bound to a Cysteine ofR1. As outlined in the introduction, [2H]-labeling of
N3UDP, solvent, or the R2 subunit of RNR, failed to reveal the source of the proton
hyperfine interaction with the nitrogen centered radical. Our most recent hypothesis
(Scheme I) for the formation of this radical thus suggested that it must be covalently
bound to a cysteine of R1. As outlined above, the assignment of the radical structure as
[X-N.-S-R] from our high frequency EPR results supports this postulate. To further test
this hypothesis, N3UDP was incubated with R1 prepared in an E. coli strain auxotrophic
for cysteine in which [~- 2H] cysteine was used to satisfy this auxotrophy. The EPR
spectra at 9 GHz resulting from this experiment and a control with [1- 1H] cysteine-RNR
prepared by the same procedure are shown in Figure 4. In both cases the presence of the
nitrogen-centered radical and the tyrosyl radical are apparent. However, it is also readily
apparent that the proton hyperfine interaction has finally been eliminated. Subtraction of
the tyrosyl radical component from the spectrum in Figure 4 B reveals the spectrum in
Figure 4 C. These results (Fig. 4 A compared with Fig. 4 B, and Fig. 3 compared with
Fig. 4 C and D) establish unambiguously that the nitrogen-centered radical is covalently
attached to a cysteine of R1. Our previous site-directed mutagenesis studies using
mutants of R1 (C225S and C462S) indicate that C225 is a likely candidate for this
cysteine.16
The 6.3 G splitting which is observed in X-band spectra of the [P- 1H] cysteine-
RNR species (Fig.'s 3 and 4 A) is not resolved in the 139.5 GHz spectra (Fig.'s 1 and 2).
This may be explained by the fact that the high frequency spectra were obtained under
conditions of saturation3 1,32 (see Experimental Methods). Saturation leads to broader
lineshapes, 33 which may mask small hyperfine splittings. In addition, field dependent
inhomogeneous and/or homogeneous broadening may also contribute to increased
linewidths in the high frequency spectra. 34
Is the Nitrogen-Centered Radical Covalently Bound to a Second Cysteine? The spectral
parameters determined from our high frequency EPR studies, when compared with data
from model compounds (Tables 1 and 2), suggest that a second cysteine is a reasonable
candidate for X in [X-N*-S-R]. Furthermore, based on the extensive biochemistry carried
out on R1, four additional cysteines are considered viable candidates: C462, C754, C759,
and C439. Our previous studies 16 using C462SR1 revealed that this substitution had no
effect on formation of the nitrogen centered radical and N2 . Thus the remaining
candidates for the second cysteine in the structure [R'-S-N.-S-R"] are C439, C754 and
C759. C439 is located on the 3-face of the ribose ring, the face opposite from which the
azide is released, and was anticipated not to play a role in this structure. In fact,
incubation of C439S R1 RNR with N3UDP resulted in no detectable chemistry, 16
consistent with its essential role in nucleotide reduction as the 3'-hydrogen atom
abstractor. Given that either C754 or C759 are anticipated to be close in three
dimensional space to C225,35 one of these cysteines appeared to be the most likely
candidate for the second cysteine. Incubation of the double mutant C754S & C759S R1
with N3UDP was therefore examined. No effect on the nitrogen-centered radical was
detected by EPR spectroscopy. Thus the results with the four cysteine site directed
mutants of R1 imply that [R'-S-No-S-R"] is not the structure of the nitrogen-centered
radical.
Remaining Candidates for the Structure of the X Component of the Nitrogen Centered
Radical: Our previously published hypothesis for the structure of this radical was that of
[H'-N*-S-CH 2-R1] (Scheme I).16 Because this is a t-radical species with a large
unpaired electron spin density on the nitrogen (as evidenced by the nitrogen hyperfine
coupling), one would expect a significant hyperfine coupling to the a hydrogen (H') for
such a structure.36 Ab initio calculations of a H'-N.-S-H" radical determined a H'
isotropic hyperfine splitting of -24.13 G25 via a spin polarization mechanism,37 ,38
consistent with this expectation. Only one radical species claimed to be an [H-N*-S-R]
radical (R = Ar) has been reported in the literature.39 ,4 0 These studies, however, make
no mention of any proton hyperfine splittings and therefore cannot be used for
comparison. However, the structurally and spectroscopically similar, isoelectronic
species [H'-N*-O-R"] have been studied and yield IA ' = 20 G.24 Because no splittings
of this magnitude are observed in any of the spectra obtained for the nitrogen centered
radical, the possibility of the structure being [H-N*-S-R] needs to be reevaluated.4 1 Thus,
while we believe that this may be an intermediate in the formation of the observed,
persistent, nitrogen-centered radical (Scheme I), we now believe that the observed species
must have a structure [-X-N*-S-CH 2-] in which X is carbon or oxygen.
Compounds of the general structure [C'-N*-S-C"] (Table 1, entries 7-9),25 in
which C' and C" are alkyl groups, have been reported to be persistent radicals with g
values and nitrogen hyperfine couplings very similar to those determined by high field
EPR spectroscopy. We will first address the possibility of the presence of a proton bound
to C', that is, [Hp-C'-N*-S-C"]. Hyperfine couplings to D3 protons in t radical species
arise primarily from a hyperconjugation mechanism 36 ,4 2-44 which, for [Hp-C'-N*-S-C"]
systems, can be modeled by the equation: 25
Alo• = PN (C + D cos2 0) - PN D cOS20 - 32.8 G cOS20 (1)
where PN is the spin density on the nitrogen, C and D are constants, and 0 is the dihedral
angle between the 1 proton and the nitrogen 2pz orbital. The constant C is typically small
and therefore neglected, 45 while a value for PN D of 32.8 G is obtained from solution
state EPR spectra of [CH3-N*-S-C(CH 3)3] for which splittings of Af= 16.4 G were
measured for three equivalent protons and the time-averaged value of cos20 = 0.5 was
taken for the freely rotating methyl group.25 A reasonable upper limit on the size of an
unresolved isotropic hyperfine splitting consistent with the observed 9 GHz spectra is
approximately 3 G (Fig.'s 3 and 4). Using Equation (1), if a proton 0 to the nitrogen were
present in the radical, its dihedral angle would be restricted to 0 = 90" + 17" to yield a
hyperfine coupling of 3 G or less and account for the lack of resolution of this splitting in
our spectra. Thus, if X in the radical structure [X-No-S-C"] is carbon , then this carbon
must have either no protons bound to it or a proton whose dihedral angle is approximately
90 degrees with respect to the nitrogen 2pz orbital.
We have been unable to find any studies on radicals of the type [X'-O-N*-S-R"],
so this general structure cannot be eliminated based solely on EPR parameters. However,
in the structurally similar species [R'CH2-S-N*-S-CH 2R"], hyperfine couplings of the
methylene protons have been measured to be 3 - 5 G, 30 indicating that appreciable spin
density is delocalized onto the sulfur atoms.46 Thus, the structure [H'-S-N.-S-R"] and
analogously [H'-O-N*-S-R"] would be expected to give rise to an a-proton (H') splitting
of at least several gauss. As this proton would be expected to be exchangeable,
differences in the EPR spectra of a radical species with this structure prepared in D20
compared to the species in H20 should be discernible. Such deuterium exchange
experiments have been reported by us and by others. 14 ,15 Although the EPR spectral
linewidths are slightly narrower when the reaction is carried out in D20, the magnitude of
the narrowing is too small to be explained by the exchange of a proton which experiences
a hyperfine coupling of several gauss. Thus, we believe that [H'-O-N*-S-R"] is not a
viable structure to accommodate the available data. Therefore, based on our EPR data we
conclude that the radical is likely to have the structure [-X-N*-S-CH2-], in which the
sulfur is derived from C225 of R1, and X is either an unprotonated oxygen, or an
unprotonated carbon, or a protonated carbon with the proton with a dihedral angle of
approximately 90* with respect to the nitrogen 2pz orbital.
Postulated Mechanism. The mechanism of nucleotide reduction postulates the
importance of a number of transient thiyl radicals in catalysis. 1,3 Although EPR
spectroscopy has been used and claimed to successfully detect thiyl radicals, the
assignment of many of these observed signals to thiyl radical structures has been
questioned.4 7,48 The controversy results from the extreme reactivity of thiyl radicals
which makes them difficult to trap before they react to form more stable sulfur-based
radicals such as disulfide radicals or disulfide radical anions.49 Furthermore, if the thiyl
radical is successfully trapped, its EPR spectrum may be broad and difficult to detect,
particularly in randomly oriented (frozen solution) samples. The difficulty arises from
the near degeneracy of the p-n orbitals in which the unpaired electron is localized in thiyl
radicals.4 7 ,50 Because electronic orbital angular momentum is ineffectively quenched,
this near-degeneracy causes the g-value which lies perpendicular to these orbitals (along
the axis of the sulphur and its bonded partner) to be large and exquisitely sensitive to the
surrounding environment. 4 7,48 The magnitude of, and the potential for a distribution in,
this g-value may give rise to a broad EPR spectrum which is difficult to observe in
randomly oriented solids. Rapid spin-lattice relaxation rates may also contribute to
spectral broadening and prevent detection.50
A general method to resolve this detection problem is the use of spin traps which
convert an unstable radical into a persistent radical. While N3UDP was not anticipated to
be such a spin trap, it has been shown to serve in such a capacity. 14,15 High frequency
EPR spectroscopy and the use of R1 containing [j- 2H]-cysteine residues have provided
the first evidence that a cysteine radical can be generated by RNR. Loss of the tyrosyl
radical on the R2 subunit of RNR is believed to be accompanied by formation of a thiyl
radical on R1 at C439. 1,3 A complex sequence of transformations, such as those
postulated in Scheme I, can eventually lead to a thiyl radical on C225 that generates the
nitrogen-centered radical. The first few steps in this postulated mechanism are analogous
to those previously proposed for the normal nucleotide reduction process. 1,3 The results
establish that the nitrogen-centered radical is covalently attached to a cysteine of R1 and
mutagenesis studies strongly implicate C225 as the candidate of choice. 16 A mechanism
for how H-No-S-R1, a precursor to the observed nitrogen-centered radical, could be
generated from HN3 and a thiyl radical (Scheme I) is shown in Scheme II. Several recent
model studies support the possibility that a thiyl radical can react with an alkylazide
(RN3), and ultimately lead to loss of N2, hence the choice of HN3 as an intermediate.
Recent studies by Kim and coworkers have shown that a carbon centered radical can
convert an alkyl azide into N2 and a nitrogen-centered radical (Scheme III).51 A second
study of Shingaki has shown that the decomposition of aromatic azides is greatly
accelerated by the presence of thiols in combination with radical initiators resulting in the
liberation of N2 and disulfide formation. 52,53 Unfortunately the details of the
mechanism of this transformation are not known but presumably a thiyl radical is
initiating the process which results in N2 release.53 This second model system may be
mechanistically analogous to the better characterized reaction of aryl azides with thiolates
that generate amines and N2 concomitant with disulfide formation. 54 ,55 Site-directed
mutagenesis studies presented here and previously 16 in which C462, C754 and C759
have been changed to serines, however, indicate that a second cysteine is not required for
liberation of N2 in our inactivation process (Scheme II). Thus the model we currently
favor has [H-N*-SCys-R1] as an intermediate in the formation of the final nitrogen-
centered radical. This intermediate may be detectable by using rapid freeze-quench EPR
methods56 and these studies are in progress.
As previously discussed, EPR studies and site-directed mutagenesis studies
presented here together with published EPR studies of model compounds have led to the
conclusion that the nitrogen-centered radical must have the structure [X-N*-SCys-R1] in
which X is an oxygen or carbon atom having no hydrogens attached or a carbon atom
with a single hydrogen attached but oriented in a defined fashion. What species within
the active site could be the candidate for X? Our previous kinetic and product analysis
studies have revealed that, at the time that the nitrogen-centered radical is generated, the
nucleotide analog is most probably still intact. 13 Electron spin echo envelope
modulation (ESEEM) spectroscopy indicates that N3UDP is converted into a species we
propose to be 3'-keto-dUDP in which the l'-hydrogen is 3.0 A from the nitrogen centered
radical and the 4'-hydrogen is 2.7 A from the same radical. 16,57 As anticipated by the
role of C439, the 3'-hydrogen is 2 5 A from this radical and is not detected by ESEEM
methods. In addition, the 2'-2H interaction with the nitrogen-centered radical was not
detected by ESEEM spectroscopy. 16,57 Thus we postulate that X-N*-SCys-R1 is sitting
on the ac face of the carbonyl group of the 3'-keto-dUDP and that it can interact with the
carbonyl of this ketone to generate either compound A or B (Scheme IV).58 In both
cases, based on model chemistry (Table 1) a persistent nitrogen-centered radical would be
generated with the appropriate g-values and hyperfine interactions. While there is
precedent in the literature for R'-No-R" interacting with an imine,51 analogous to the first
step in Scheme IV pathway a, to our knowledge there is no precedent for the subsequent
hydrogen atom migration to produce A, or for the steps leading to structure B. The
structure of the observed nitrogen radical has an additional constraint which must be met.
Our previously published experimental data requires that subsequent to the reduction of
the nitrogen-centered radical (half-life of 10 min), the adduct must collapse back into a 3'-
keto-dUDP which can further collapse to form the observed products: uracil,
pyrophosphate, and furanone. 13 This requirement thus would lead us to favor pathway a
of Scheme IV. However, molecular modeling studies of the distance between the 2'-
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proton and the nitrogen in structure A (see Experimental Methods) in conjunction with
the ESEEM data eliminate compound A from consideration and allows us to favor
compound B. An isotopic labeling experiment in which N3UDP is labeled at C-3' with
170 would perturb the EPR spectrum of the proposed structure in a predictable fashion
and would thus allow us to obtain support for this model. Synthesis of this compound is
being performed.
Conclusion
Regardless of the exact chemical nature of X in the [X-N*-SCys-R1] structure, results
presented in this communication have allowed us to draw three important conclusions.
First, RNR can generate a thiyl radical within its active site on the a face of the ribose
ring undergoing reduction. Second, RNR can generate radical intermediates in the
nucleotide reduction process. Third, the reduction of nucleotides to deoxynucleotides can
proceed by electron and proton or hydrogen atom transfers as originally postulated, rather
than a hydride transfer mechanism. Thus detailed studies of the N3UDP dependent
inactivation of RNR has given us an unprecedented glimpse into the amazing catalytic
capabilities of this enzyme.
Experimental Methods
General. R1 (E280nm=189 ,000 M-lcmr1), specific activity ~1400-1500 nmol min -1 mg-1,
and R2 (e280nm= 130,500 M-lcm-1), specific activity -7700-8000 nmol min-1 mg- 1 were
prepared as described previously. 59 The Ri-mutants were isolated from K38
overproducing strains according to literature procedures. 4 ,60 Cysteine auxotrophic E. coli
strain JM15 (sex: F-; chromosomal markers: cysE50, tfr-8) was obtained from Dr.
Barbara J. Bachmann, E. coli genetic Stock Center, Department of Biology, Yale
University. Protein R1 and its analogs, prior to all EPR experiments, were prereduced at
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25 "C for 20 min in the presence of 20 mM DTT. The excess DTTI was removed by
Sephadex G-25 chromatography. E. coli thioredoxin (TR) was isolated from the
overproducing strain SK3981 61 with a specific activity of 36 units mg-1, and thioredoxin
reductase (TRR) was isolated from K91/pMR14 62 with a specific activity of 1000 units
mg-1. Adenosine 5'-triphosphate (ATP), thymidine-5'-triphosphate (TTP), and the
chemically reduced form of 03-nicotinamide adenine dinucleotide phosphate ([-NADPH)
were obtained from Sigma. [3,3,3',3'- 2H]-d,l-Cystine was purchased from Cambridge
Isotopes. N3UDP and [15N3]N3UDP were prepared as described in previous work. 15,16
Quartz thick wall EPR tubes were employed for all 9.4 GHz EPR experiments. EPR
spectra at 9 GHz were recorded on a Briiker ESP-300 spectrometer at 100 K. Spin
quantitation was achieved with a 1.00 mM CuSO4, 2 M NaC104, 0.01 M HCl, 20 % (v/v)
glycerol standard (g = 2.18).63
140 GHz EPR experiments. The inactivation mixture contained 50 mM Hepes (pH 7.6),
15 mM MgSO4, 1 mM EDTA, 340 gM R1, 280 gM R2, 1.0 mM NADPH, 10 giM TR,
0.5 ptM TRR, 1.0 mM TTP and 1.0 mM N3UDP in a final volume of 110 pl. Prior to the
addition of the inhibitor to the reaction mixture, a sample was withdrawn corresponding
to the t = 0 time point. The inhibitor was then added, and the reaction mixture was
incubated at 25 OC for 8 minutes before being taken up in a fused silica sample tube
(I.D.= 0.40 mm, O.D.=0.55 mm) and frozen in liquid nitrogen. The EPR probe was
cooled by immersion in liquid nitrogen and the sample tube was loaded into the
cylindrical resonator of the EPR probe under liquid nitrogen. The probe was then placed
inside the dewar which houses it, which had been previously cooled to a nominal
temperature of 80 K; we estimate the temperature of the sample never exceeded 110 K.
EPR measurements were obtained at 139.500 GHz employing a superheterodyne
spectrometer with phase-sensitive detection built in this laboratory. 64,65 The external
magnetic field was swept from 49.410 to 49.870 kG at a scan rate of approximately 0.3
G/sec. The external magnetic field was modulated at a frequency of 400 Hz by an
amplitude of 2.4 G. Microwave power at the sample was approximately 20 gW which
corresponds to a B1 field approximately equal to 0.1 G. A steady flow of cold Helium gas
maintained the sample at 8 K ± 0.5 K.
Under these experimental conditions, the EPR signals of both the nitrogen-centered
radical and tyrosyl radical are saturated and exhibit adiabatic passage effects. 33 In
particular, the absorptive component of the magnetic susceptibility is extremely small
relative to the dispersive component.66 Attempts were made to avoid saturation by
obtaining spectra at low power levels (<1 g.W) and higher temperature, but this served only
to decrease signal-to-noise ratios without appreciably affecting passage conditions. Thus,
in order to maximize signal-to-noise ratios, published spectra were obtained under
conditions which maximized the saturated first harmonic (modulation-detected) dispersion
signal. Under these saturating conditions, modulation-detected dispersion signals have an
"unconventional" appearance (similar to those of direct-detected, i.e. unmodulated,
absorption signals21,67) and exhibit an increased line broadening and therefore decreased
spectral resolution relative to conventional, unsaturated absorption signals.33
In order to improve resolution and achieve a more conventional representation
(similar to that of modulation-detected absorption spectra), saturated dispersion spectra
were subjected to pseudomodulation following the methods developed by Hyde et al .68 In
pseudomodulation, a computer algorithm operates on the recorded data to simulate the
effect of an applied sinusoidal field modulation yielding the harmonics of that modulation;
the algorithm also has the effect of acting as a digital noise filter.68 Hyde et al. calculate
the nth harmonic of a spectrum using:
fn(Bo,Bm) = FT-' FT [f (Bo)1'Jn(BmS/2))
wheref is the spectrum as recorded,fn is its nth harmonic, BO is the external magnetic field,
Bm is the pseudomodulation amplitude, FT is the Fourier Transform, Jn is the nth Bessel
function, and S is the transform variable corresponding to B. 68 We employ the equivalent,
but more direct, calculation:
fn(Bo,Bm) = f(Bo - dI
Where P is a unitless variable of integration, and Tn is the nth Tchebyschev polynomial.
The external magnetic field was calibrated by recording the EPR spectrum of
MnO.0002Mg0.99980 (g = 2.00101 and AM n = 8.71 mT); 69 measured values of the 55Mn
hyperfine sextet resonant fields were compared with values calculated with second-order
corrections.
While the experimentally acquired spectra of the samples at t = 8 min are
superpositions of Y122 signal and nitrogen-centered radical signal, analysis is most easily
achieved when constituent signals are separate. Accordingly we have employed a spectral
subtraction method in order to isolate the nitrogen-centered radical signal from the
experimentally acquired spectra. For the purposes of this spectral subtraction, we acquired
and processed identically an EPR spectrum of the t = 0 sample, which exclusively consists
of Y122* signal, and a spectrum of the empty EPR cavity which contained a slight amount
of paramagnetic impurity. We then subtracted fractions of both the t = 0 sample
spectrum and the impurity spectrum from the t = 8 min sample spectrum; by parametric
variation of the fractional amounts, we constructed difference spectra which were
successively better approximations to the nitrogen-centered radical signal. Spectral regions
characterized by distinctive features of Y 122° signal overlaying relatively featureless parts
of the nitrogen-centered radical signal served as sensitive indicators of successful isolation.
The correctness of the subtraction procedure was assessed, and the various
magnetic coupling constants were determined, by comparison of all experimentally
acquired spectra with detailed simulations. The simulation free parameters include three
principal values of the g-matrix, three principal values of each hyperfine matrix, and
relative orientations of each hyperfine matrix with respect to the g-matrix.
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where Bres is the resonant field, 0 is the polar angle and 0 is the azimuthal angle, h is
Planck's constant, ve is the microwave frequency, geff(0,0) is the orientationally
dependent effective g-value, 03 is the Bohr magneton, and Aeff(,) (in Gauss) is the
orientationally dependent hyperfine coupling to the ith nucleus. In the simulation of
orientationally disordered samples 200 polar angles were sampled at equal intervals over
a range of 0 to x. At each polar angle, between one and 400 azimuthal angles (the
number being nearly equal to 400 times the sine of the polar angle) were sampled at equal
intervals over a range 0 to 2-n. At each orientation the resonant fields were calculated.
The resulting distribution of resonant fields is convolved with a Gaussian lineshape,
whose width is also subject to parametric variation. In all cases a good fit was obtained
assuming g-matrix principal axes to be coincident with nitrogen hyperfine matrix
principal axes. In order to assess the validity of the first-order treatment, we carried out
additional simulations employing exact treatment of the nitrogen nuclear spin
Hamiltonian (neglecting 14N nuclear quadrupolar interaction) to calculate the resonant
field and transition probability of each "allowed" and "forbidden" EPR transition.
Simulations based on this more exact treatment were virtually indistinguishable from
spectra calculated with Equation (2), demonstrating the adequacy of the first-order
treatment used in these applications.
Cysteine Auxotrophic Expression System. The R1 subunit of RDPR has been expressed
using the two plasmid T7 RNA promoter/polymerase expression system developed by
Tabor and Richardson. 70 The plasmid containing the nrdA gene (pMJ1)4,60 and the
plasmid containing the T7 RNA polymerase (pGP1-2) were isolated by standard
procedures. They were both transformed into E. colil JM15, a strain of E. coli
auxotrophic for cysteine, 7' and selected on LB plates containing 25 gtg/ml ampicillin and
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25 pg/ml kanamycin. A single colony was then grown in 5 ml of LB medium72 or 5 ml
of M9 medium72 supplemented with L-amino acids and cofactors.73 The growth media
typically contained in 1 1: 6 g Na2HPO4, 3 g KH2PO4, 1 g NH4CI, 1 g NaCI, 5 g glucose,
210 mg MgC12*6 H20, and 14 mg CaC12*2 H20 (pH 7.4 with NaOH), 0.50 g alanine,
0.40 g arginine, 0.40 g aspartic acid, 0.40 g asparagine, 0.4 g glutamine, 0.74 g sodium
glutamate, 0.55 g glycine, 0.13 g histidine hydrochloride, 0.24 g isoleucine, 0.23 g
leucine, 0.43 g lysine hydrochloride, 0.25 g methionine, 0.15 g phenylalanine, 0.10 g
proline, 2.10 g serine, 0.23 g threonine, 0.06 g tryptophan, 0.17 g tyrosine and 0.23 g
valine, 0.50 g adenine, 0.65 g guanosine, 0.20 g thymine, 0.50 g uracil, 0.20 g cytosine,
50 mg thiamine, 50 mg nicotinic acid, 100 mg kanamycin and 100 mg ampicillin.
Additionally, 120 mg of racemic 3,3,3',3'-d4-cystine was added per liter of medium as a
suspension in 2 ml of 0.2 M aqueous HC1. A control sample from which the addition of
cystine was omitted did not show any bacterial growth, assuring the auxotrophy of our E.
coli JM15 containing nrdA. The 5 ml of culture was grown at 30 "C for 12 hours and
then used to inoculate 100 ml of the supplemented M9 medium. After another 10 hours,
this culture was used to inoculate 2 liters of the supplemented M9 medium and the cells
were grown at 30 "C to an OD600 of 1.0 at which point the temperature of the culture was
raised rapidly to 42 "C. The temperature was maintained at 42 "C for 1 hour followed by
an additional 4 hours at 37 TC. The cells were then harvested by centrifugation, quick-
frozen in liquid N2 and stored at -80 "C. Protein purification and isolation was carried
out as described previously.4 ,60 The purified protein had a specific activity of ~1000
nmol min-1 mg-1.
9.4 GHz EPR after Incubation of RI Containing Deuterated Cysteine Residues. A
spectrum was recorded of the tyrosyl radical of the R2 subunit before addition of the
inhibitor. This sample contained in a final volume of 250 pl: 320 tM R1, 340 pM R2,
0.75 mM TITP, 10 gM TR, 0.5 tM TRR, 0.75 mM NADPH, 15 mM Mg(OAc)2, and 50
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mM Tris-HC1 (pH 7.6). For instrument settings see the legend with Figure 4. The
sample was subsequently thawed and N3UDP was added in a final concentration of 1.1
mM. The reaction mixture was incubated at 25 "C for 5 min and frozen in liquid
nitrogen. A spectrum was recorded using identical instrument settings as used for the
sample without N3UDP.
Interaction of C754/759S RI with N3UDP: Analysis by 9.4 GHz EPR Spectroscopy. The
inactivation mixture contained in a final volume of 314 pl: 50 mM Tris-HC1 (pH 7.6), 15
mM Mg(OAc)2, 100 JtM C754/759SR1, 100 tM R2, 20 mM DTT, 1.6 mM ATP and 1.0
mM N3UDP. The inactivation was started by adding the inhibitor to the protein solution
and the mixture was then transferred to an EPR tube and incubated for 8 minutes at 25
"C. The sample was then frozen and analyzed at 100 K. The EPR settings were identical
as described in the legend of Figure 4.
Molecular Modeling . The non-radical structures C and D depicted below were used as
models for the proposed structures A and B in Scheme IV.
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Using the QUANTA-CHARMm software package the compounds were first energy
minimized. The N-S bond was not parameterized in the software, but instead the default
parameters for sp 3-hybridized sulfur and nitrogen were used. Then, distant constraints
were imposed from the nitrogen atom to the 1'- and 4'-hydrogen atoms based on the
ESEEM studies,16,57 and the structures were again minimized. The distance range from
the 2'-hydrogen atom to the nitrogen in the structures obtained was analyzed by rotation
along the carbon-nitrogen and nitrogen-sulfur bonds for compound C and rotation along
the carbon-oxygen, oxygen-nitrogen and nitrogen-sulfur bonds of compound D. It should
be noted that the distances obtained in the ESEEM studies are experimentally determined
and take into account that the unpaired electron is located partly on nitrogen and on
sulfur, while the distance constraints used in these molecular modeling studies locate the
unpaired electron density completely on nitrogen. Furthermore, these calculations
provide minimized structures, while the conformation of the nitrogen based radical inside
the active site of RNR will not necessarily correspond to a low energy conformation. We
must therefore emphasize that these calculations were carried out for the purpose of
providing an estimate of the distance range from the 2'-H to the nitrogen atom in the two
model compounds.
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Figure 1. High-frequency EPR spectra of the incubation mixture containing N3UDP and
RNR (A) Saturated modulation-detected (first harmonic) dispersion signal of 340 ptM
R1, 280 pgM R2, incubated for eight minutes with 1.0 mM N3UDP; (B)
Pseudomodulation (first harmonic) of the experimentally acquired EPR signal depicted in
(1 A) (see Experimental Methods); (C) Experimentally acquired EPR spectrum of the
tyrosyl radical (Y122') in the R2 subunit subsequent to pseudomodulation (first
harmonic); (D) EPR spectrum of the resonator-based paramagnetic impurity following
pseudomodulation; (E) Isolated spectrum of the nitrogen-centered radical remaining after
subtraction of fractional amounts of normalized Y122" signal (32 %) and of normalized
resonator-based-impurity signal (2 %) from the spectrum depicted in (1 B). All EPR
spectra were acquired under the following conditions: microwave frequency, 139.5 GHz;
temperature, -10 K; microwave power, -20 gW; modulation amplitude, 2.4 G;
modulation frequency, 400 Hz; scan rate, -0.3 G/sec; time constant, 1 sec.
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Figure 2. High-frequency EPR spectra of the nitrogen-centered radical formed by
inhibition of RNR with N3UDP. (A) Spectrum of [15N]nitrogen-centered radical formed
upon incubation of R1 and R2 with [15N3]N3UDP after subtraction of the signal from the
tryrosyl radical. The spectrum is a numerical psuedomoduation of an experimentally
acquired saturated dispersion spectrum. Asterisks mark artifactual features arising from
imperfect subtraction of the Y122' signal; (B) Simulation using the parameters listed in
Table 1, entry 12 and Table 2, entry 4; (C) Spectrum of the nitrogen-centered radical
arising from incubation of [14N]-N 3UDP with RNR after subtraction of the tyrosyl
radical; (D) Simulation of (2 C) using the parameters listed in Table 1, entry 12 and
Table 2, entry 3. Asterisk marks an extraneous signal from a paramagnetic impurity
which was not completely eliminated upon spectral subtraction.
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Figure 3. X-band EPR spectra of the nitrogen-centered radical formed by inhibition of
RNR with N3UDP; (A) EPR spectrum of nitrogen centered radical present in at the 8
minute time point after subtraction of remaining tyrosyl radical. Experimental conditions
are as follows: microwave frequency, 9.428 GHz; temperature, 100 K; power, -~1 mW,
modulation amplitude, 1.5 G; modulation frequency, 100 kHz; time constant, 0.126 sec;
(B) Simulation of (3 A) using parameters listed in Table 1, entry 12 and Table 2, entry 3.
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Figure 4. X-band EPR spectra of the nitrogen centered radical which indicates that the
6.3 G doublet arises from a cysteine proton. Instrument settings for all spectra were:
power, 1 mW; modulation amplitude, 1.5 G; time constant, 0.126 sec, and temperature,
101 K. (A) N3UDP was incubated with RNR and the reaction was quenched after 8
minutes; (B) N3UDP was incubated for 5 min with [j3-2H]-cysteine RNR. (C) Isolated
spectrum of the nitrogen centered radical remaining after 51% of a normalized Y122*
signal was subtracted from the spectrum depicted in (4 B). (D) Simulation of the
spectrum in (4 C) based on the parameters listed in Table 1, entry 12 and Table 2, entry 3,
except that 0.97 G was used for the 2H-hyperfine splitting instead of the 1H-hyperfine
value listed in Table 1, entry 12.
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Table 1. Comparison of Isotropic EPR Parameters of Previously Reported Nitrogen
Based Radicals and the Radical Obtained upon Incubation of RNR with N3UDP.
Compound R' R" giso Aso A1sr Af1o '" reference
(G) (G) (G)
1 R'-(N-O*)-R" t-Bu t-Bu 2.0059 15.1 23
2 R'-N-O-R" PhCH2  PhCH 2  2.0046 14.4 23.8 2.6 24
3 H PhCH 2  2.0049 12.2 20.1 3.2 24
4 R'-(N-O )-S-R" t-Bu n-Bu 2.0071 18.3 25
5 R'2N-S * Et 2.0156 10.7 6.1 26
6 R'2N-S=O Et 2.0060 6.1 2.3 26
7 R'-NI-S-R" t-Bu t-Bu 2.0074 12.3 25
8 n-Bu t-Bu 2.0073 12.4 15.4 25
9 t-Bu n-Bu 2.0075 12.1 3.1 25
1N 2.0064 13.1 3.5 27
12 No from RDPR and 2 .0080b 11.7 c  6.3 this work
N 3UDP
a not reported
b calculated from (gll + 822 + g33)/3 obtained from the 140 GHz EPR data
c calculated from (AN + A N + A 3)/3 obtained from the 140 GHz EPR data.11 22VVULV ~VL.CLVLt VI U ~ UW
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Table 2. Anisotropic EPR Parameters of Previously Reported Nitrogen Based Radicals
and the Radical Obtained upon Incubation of RNR with N3UDP.
Compound 9gl g22 833 All A22 AJ3 reference
(G) (G) (G)
1 Ph-S-N-S-Ph 2.0130 2.0077 2.0021 1.9 1.4 30.3 28
2• 2.0136 2.0050 2.0023 2.4 2.2 30.2 29
3 No from RDPR and 2.01557 2.00625 2.00209 2.0 2.0 31.0 this worka,b
N3UDP
4 N* from RDPR and 2.01557 2.00625 2.00209 2.8 2.8 43.4 this worka,b
[15N3]-N3UDP
a adequate fits of experimental spectra are obtained using coincident g and AN principal
axes.
b uncertainties in g- and AN-values are estimated to be 0.00005 and 0.2 G, respectively.
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Abstract
As a molecular switch the ras protein undergoes structural changes that couple
recognition sites on the surface of the protein to the guanine nucleotide-divalent metal ion
binding site. X-ray crystallographic studies of p21 suggest coordination between
threonine-35 and the divalent metal ion plays an important role in these conformational
changes. Recent ESEEM studies of p21 in solution, however, place threonine-35 further
away from the metal and were interpreted as weak or indirect coordination of this residue.
We report high frequency (139.5 GHz) EPR spectroscopy of p21.Mn(II) complexes of
two alternate guanine nucleotides that probe the link between threonine-35 and the
divalent metal ion. In particular, we determine the number of water molecules in the first
coordination sphere of the manganous ion to be four in p21*Mn.(II)*GDP and two in
p21.Mn(II)*GMPPNP. The results for GMPPNP (a GTP-analog) are consistent with the
number of water molecules predicted by the X-ray structure. While these results rule out
indirect coordination of threonine-35, they are consistent with direct, weak coordination
of this residue as suggested by Halkides et al. (1994) Biochemistry 33, 4019. The 170
hyperfine coupling constant of H2170 is determined to be 2.5 G in the GDP form and 2.8
G in the GTP form. These values are similar to reported values for 170-enriched aquo-
and phosphato-ligands in other complexes of Mn(II). For all of these measurements, the
elevated field yields a reduction of Mn(II) EPR linewidths, which enhances the spectral
sensitivity to 170 hyperfine broadening.
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Introduction
The protein ras p21 (hereafter referred to as p21) belongs to the important family of
homologous GTP-hydrolyzing proteins, in which Elongation Factors, exemplified by EF-
Tu, and the ao subunits of heterotrimeric G proteins1 are other well-studied members. A
major role is played by p21 in the transduction and amplification of signals regulating
cell growth and differentiation. 2 As p21 cycles between its two forms, it alternately
binds divalent metal ion complexes of GTP and GDP. 3 Interactions of p21 with
auxiliary proteins modulate the cycling between the two forms. Likewise, p21 transmits
a signal for cell growth or differentiation through binding to its downstream effector, Raf-
1.4 The GTP form of p21 transduces the signals promoting cell growth or differentiation,
while the GDP form does not. 5 Certain point mutations in the ras gene and the resultant
oncoproteins have been implicated in numerous human tumors.6 ,7 Oncoproteins tend to
remain in the GTP-bound form for prolonged periods and thus stimulate cell growth.3
The respective crystal structures of p21.Mg(II) complexes of GDP,3,8,9 GTP, 8
GMPPCP, 3 and GMPPNP, 10 have been examined by X-ray diffraction. These studies
suggest that the function of p21 as a molecular switch is linked to conformational
differences between the GDP form and the GTP form. The conformational changes at the
nucleotide binding site are apparently coupled to two highly exposed sites on the protein
surface. These sites, which are part of the Switch I (amino acid residues 30-38) and
Switch II (residues 60-76) regions, are also putative recognition sites for auxiliary
proteins. 3 In order to study a protein whose function is modulated by protein-protein
interactions, it is desirable to augment crystallographic studies, in which the structure
may be altered by interactions between p21 molecules in the crystal, 11 with studies of
isolated p21 in solution. Recently, we undertook to examine the structure in solution by
means of EPR techniques with the intention to probe the binding site structure of p21.
Larsen et al.12 and Halkides et al.13 have previously reported the results of
ESEEM studies on p21*Mn(II) complexes of GDP and GMPPNP in frozen solution.
127
Larsen et al.12 examined selectively labeled (15N) and natural abundance (31P and 1H)
nuclei of the amino acids, glycine and serine; and of the nucleotide, GDP. Halkides et
al.13 studied selectively labeled (13C, 15N, and 2H) and natural abundance (31P) nuclei
of the amino acids, serine, glycine, aspartate and threonine; and of the nucleotides, GDP
and GMPPNP. These ESEEM studies yield the distances between the manganous ion
and the noted nuclei of the amino acids and nucleotides. Coordination of the manganous
ion by the amino acids and nucleotides is inferred from these distances and from the
presence of contact hyperfine interactions.
The ESEEM gives structural results in accord with those derived from X-ray
crystallography regarding the relation of the divalent metal ion to the Switch I ()2) and
Switch II (?4 and a2) regions, and to the Phosphate Loop (X1) in the GDP form; likewise
there is accord regarding its relation to the Switch II region and the Phosphate Loop in
the GTP form. An intriguing difference, however, is found in the Switch I region. In
particular, X-ray crystallographic studies show threonine-35 to be a ligand in the GTP
form, but not in the GDP form; the binding of threonine-35 has accordingly been alleged
to drive the pivotal changes of conformation. 14 The distances, as determined by
ESEEM, consistently imply the distance between the manganous ion and the hydroxyl
oxygen of threonine-35 must be greater than the canonical distance (~2.2A) of first
sphere oxygen-manganous ion coordination. 13 The difference was attributed to crystal
packing forces from interprotein contacts near threonine-35, leading to a small change in
structure involving this residue. Switch I and, particularly, Switch II also show greater
disorder than average. The ESEEM observations allow two interpretations: that, in
solution, either threonine-35 coordinates the manganous ion directly but weakly or
threonine-35 coordinates indirectly via a water molecule. 13
In order to clarify the nature of the coordination of threonine-35, we undertook an
EPR investigation of the hydration of the manganous ion in this protein. Since the
coordination number of the manganous ion is, in general, six, the measurement of the
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hydration number determines the number of non-aquo ligands. Thus in view of the
coordination of serine-17 and the P3 and yphosphates in the GTP form,3 ,10 the expected
hydration number is two, if threonine-35 coordinates directly; the expected hydration
number is three, if it coordinates via a water molecule.
At high fields (Bo *D , where D is the zero-field splitting parameter and BO is the
magnitude of the external magnetic field), the only AmS = ±1 transitions make a
significant contribution to the EPR signal of Mn(II) (S=5/2, 1=5/2). In orientationally
disordered samples, the fine structure interaction broadens the mS = ±5/2* +±3/2 and mS
= ±3/2 < ±1/2 transitions by 5D and 3D respectively. The fine structure interaction
broadens the central fine structure transition (mS = -1/2 €< +1/2) by:1 5
,55D 2
9 B0 '
Thus the significantly narrower central fine structure transition dominates the EPR signal
of manganous ions at high field. The central fine structure transition is typically split into
a well-resolved hyperfine sextet by a hyperfine interaction with the 55Mn nucleus.
The measurement of manganous ion hydration numbers by EPR depends upon the
observability of hyperfine broadening from 170-enriched aquo-ligands within the
relatively sharp central fine structure transition against a background of other sources of
broadening -- chiefly unresolved 1H and 31p hyperfine interactions, which are
independent of magnetic field strength, and second-order fine structure broadening.
Since the contribution of second-order fine structure broadening is inversely proportional
to BO, EPR of manganous ion-based systems with 170 labeling is often done at 35 GHz
rather than at the more conventional frequency, 9 GHz.16-28 Nevertheless, the fine
structure broadening at 35 GHz still masks the 170 hyperfine broadening in some
systems. For example, Smithers et al.26 and Latwesen et al.2 7 have determined the
hydration number of p21 *Mn(II)*GDP (D = 100 G) at 35 GHz, but a determination of the
hydration number of a p21*Mn(II)*GTP-analog complex (D = 200 G) has not yet been
reported; similarly, Kalbitzer et al.20 have measured the hydration numbers of EF-
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Tu*Mn(II), EF-Tu*Mn(II).GDP and EF-Tu*Mn(II)*GDP*Pi at 34 GHz, but a
determination of a EF-Tu*Mn(II)*GTP-analog complex has not yet been reported. Given
the D2/Bo dependence of the fine structure broadening, we predicted that 170 hyperfine
broadening would be observed in EPR spectra of a p21.Mn(II)*GTP-analog complex at
140 GHz. The results reported here prove this prediction correct and provide the first
determination of the hydration number of a p21.Mn(II)*GTP-analog complex.
Experimental Methods
Samples. Cloning, overexpression, and purification of the H- and N-ras p21 proteins as
well as preparation of p21 complexes of Mn(II)*GDP and Mn(II)*GMPPNP were
performed as described previously, 13 with the exception that protein solutions were
prepared with 0.01% (w/v) n-octyl f-glucopyranoside. From the protein solution (-1
mM) were taken two aliquots, each of -6 tl volume. Approximately 200 nl of the first
aliquot was transferred by capillary action to a fused silica sample tube with I.D. 0.40
mm and O.D. 0.55 mm (Wilmad), which was then sealed with silicone high vacuum
grease (Dow Coming). The second aliquot was lyophilized and subsequently rehydrated
to its original volume with 30% 170-enriched water (Cambridge Isotope Laboratories).
A portion of this sample was transferred to and sealed into a sample tube.
Spectroscopy. EPR measurements were obtained at 139.500 GHz with a homebuilt
super-heterodyne spectrometer with quadrature detection, described elsewhere.29 The
external magnetic field was modulated at a frequency of 400 Hz by an amplitude of 0.80
G. Two lock-in amplifiers (E.G.&G. Princeton Applied Research, Model 5210) detect
the resulting quadrature pair of modulated signals. The spectrometer is interfaced to a
VAX workstation for data acquisition and processing.
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A superconducting solenoid operating in the persistent mode generates the main
field (49.5 kG). The field is swept (+0.75 kG, maximum) by varying the current in a
concentric superconducting solenoid operating in the non-persistent mode. A precision
field sweep system, comprising a deuterium NMR spectrometer and magnet power
supply interfaced to the VAX workstation, measures and controls the magnetic field
value. 30 In the determination of the manganous ion hydration number BO is swept
through the lowest-field member of the 55Mn hyperfine sextet, as it is the narrowest
member, from 49.513 kG to 49.620 kG in 0.250 G increments.
Samples are contained within sample tubes positioned concentrically in a
remotely-tuned, remotely-matched cylindrical TE 011 mode resonator designed and built
in this laboratory. Microwave power at the sample is approximately 20 gW, which
corresponds to a BI field approximately equal to 0.1 G. A steady flow of cold nitrogen
gas over the resonator maintains the temperature at the sample within ±0.5 K of,
typically, 180 K.
Data Analysis. Each pair of quadrature-detected spectra was corrected for a baseline
offset plus linear baseline drift. The spectra pair was then phased to achieve a complete
segregation of the absorption and dispersion signals. For each sample, a collection of
spectra pairs was summed.
Analysis
The Spectral Subtraction Method. In order to determine the hydration number we use the
spectral subtraction method of Reed 16,21,22,24,26,27. In a sample with a metal ion
coordinated by n spectroscopically equivalent 170-enriched oxo-ligands (with 170-
enrichment fraction equal to fe) the experimentally acquired spectrum, Se, can be viewed
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as a weighted sum of n+1 conceptual sub-spectra, Sk, belonging to complexes with
k=O,1,...,n 170-ligands:
n
Se= I wkSk.
k=0
The weighting coefficients, wk, can be expressed as:
wk- n! fk lfe)n-k ,
(n-k)!k!
and in particular,
wO=(1-fe)n.
Since 170 has a natural abundance essentially equal to zero (0.037 %), the experimentally
acquired spectrum of a sample unenriched in 170, Su, can be taken as identical to sub-
spectrum So, which is the narrowest sub-spectrum of the composite spectrum. Now
consider a difference spectrum, Sd, of the following form:
Sd=Se-IS u,
in which Kr is an adjustable parameter between 0 and 1. This difference spectrum can be
rewritten as:
n
Sd=(WO1c)SO+ WkSk,
k=1
in which the decomposition of Se as well as the identity of Su and So have been invoked.
If ic is less than wo, Sd is a sum of all n+l sub-spectra with positive contributions for
each, albeit with a reduced contribution from So. If i is equal to wo, Sd is a sum of only
the n 170 hyperfine broadened sub-spectra with no contribution from So. If K is greater
than wo, Sd is a sum of all n+l sub-spectra, but with a negative contribution from the
unbroadened So. Since So is relatively narrow, this subtraction yields a difference
spectrum with extraneous features when the intrinsic linewidth is not so large as to
overwhelm the 170 hyperfine interaction.
The treatment of our data requires that Su and Se be normalized with respect to
each other. A pair of modulation-detected absorption signals is taken to be normalized
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when their respective double-integrals are equal at the upper bound. From the pair of
normalized spectra a series of difference spectra, Sd, are calculated with parametric
variation of K, until we find the greatest K to yield a difference spectrum without
extraneous features and the least K to yield a difference spectrum with extraneous
features. The former is the best estimate of wo and the latter is an upper bound on its
value. If wo is found to be essentially equal to (1-fe)n, then the simplest interpretation is
that at all sites within the sample the metal ion is coordinated by n spectroscopically
equivalent 170-enriched oxo-ligands. We find it convenient to initiate our analysis with a
coarse variation of K with values defined by K=(1-fe)m, m an integer. This procedure
gives a hydration number under the assumption that there is a single coordination number
applicable to all sites in the sample. This assumption is then scrutinized by a fine
variation of K in the appropriate neighborhood.
Note that the only assumption made in this analysis is that all the 17 0-enriched
oxo-ligands being counted are spectroscopically equivalent. The spectral subtraction
method does not require simulations and therefore does not rely on a determination of
170 hyperfine coupling constants.
Estimation of the Magnitude of the 170 Hyperfine Interaction. Beyond the application of
the spectral subtraction method, we further characterize hydration by estimating the
magnitude of the 170 hyperfine interaction for the aquo-ligands, using a method
introduced by Olsen and Reed.28 Inasmuch as the 170 hyperfine splittings are typically
unresolved, the size of the interaction is estimated by comparison of Se with spectral
simulations. Since Su is, by definition, identical to a perfect simulation incorporating all
magnetic interactions except the 170 hyperfine interactions, we take Su as a starting point
and further simulate only the 170 hyperfine interactions. Su is numerically broadened by
a routine that simulates the isotropic hyperfine interaction with n (as determined by the
spectral subtraction method) equivalent oxo-ligands of some known 170-enrichment.
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Thus, there is only one free parameter, the 170 hyperfine coupling constant. This
coupling constant is varied parametrically in order to calculate a series of numerically
broadened spectra. Comparison of Se with the series of numerically broadened spectra
yields a lower and an upper bound for the magnitude of the actual 170 hyperfine
interaction. Interpolation is used to refine the estimate.
Simulations. As a check on results, all experimentally acquired spectra and difference
spectra are compared with detailed simulations done on a VAX workstation. Fifteen polar
angles are sampled at equal intervals from 0 to n. At each polar angle, a number of
azimuthal angles between one and thirty (and roughly equal to thirty times the sine of the
polar angle) were sampled at even intervals from 0 to 2Rt. In order to simulate the effects
of D-strain, the simulation also included a truncated Gaussian distribution of D, the zero-
field splitting parameter, the variance of the distribution was assumed to be equal to one-
half of the mean; D was allowed to take on values within one variance of the mean. The
55Mn nuclear spin took on all possible values mj = + 5/2, ± 3/2, ± 1/2. The resonant field
for the central fine structure transition (mS = -1/2 c* +1/2) was first calculated assuming
isotropic electronic Zeeman, isotropic 55Mn hyperfine and scalar 170 hyperfine
interactions. The resonant field was then corrected to include the effect of second-order
terms proportional to D2/BO and A2/B0, and third-order terms proportional to A D2/Bo2,
A2 DI/Bo2 and A3/Bo2, where A is the 55Mn hyperfine coupling constant.3 1 The g-value and
55Mn hyperfine coupling constant were measured from the spectra. The value of D for
p21*Mn(II)*GDP was taken from Smithers et al.;26 the value of D for
p21.Mn(II)*GMPPNP was reported to us by George Reed (personal communication). The
resulting distribution of resonant field values was convolved with Gaussian absorption and
dispersion first-derivative lineshapes. The width of the lineshapes was determined by
varying the width parametrically until there was good agreement between a simulated
spectrum and Su.
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Results and Discussion
Before illustrating specific applications of the spectral subtraction method, we find it
instructive to compare 10 and 140 GHz EPR spectra of the GTP form. For this purpose,
typical EPR signals of N-ras p21*Mn(II)*GMPPNP acquired at 9.755 GHz (Top) and H-
ras p21*Mn(II)*GMPPNP acquired at 139.5 GHz (Bottom) are shown in Figure 1. The
dominant contributor to the amplitude of these signals is the central fine structure
transition, which is split into a well-resolved sextet by the 55Mn hyperfine interaction
(-90 G). The peak-to-peak linewidths of the individual sextet members are only 10 G at
140 GHz, but at 10 GHz the linewidths vary from 20 to 60 G. This variation of
linewidths across the sextet at 10 GHz is due to an additional term, proportional to
mj D2 A/B 02, in the perturbative expression for the fine structure induced linewidth.15
Clearly the fine structure interaction plays a significant role in broadening the 10 GHz
EPR spectrum. This broadening would make it relatively difficult to quantify 170
hyperfine interactions at that frequency.
GDPform ofp21. In order to facilitate comparison with the ESEEM results of Halkides
et al. (1994), we made EPR measurements on frozen solutions under conditions of
cryoprotection identical to theirs. In addition, we examined solutions frozen without
cryoprotection. The effect of cryoprotection upon the Mn(II) EPR linewidth in the
p21*Mn(II)*GDP complex is illustrated in Figure 2. The lowest-field member of the
55Mn hyperfine sextet of the central fine structure EPR transition is shown. The
spectrum labeled B is an EPR signal of p21*Mn(II)*GDP in frozen aqueous solution
containing 15% (w/v) methyl o-D-glucopyranoside. The spectrum labeled A is an EPR
signal of the same complex in frozen aqueous solution without cryoprotection. The peak-
to-peak linewidths of spectra A and B are 8.5 gauss and 6.3 gauss respectively. As is
commonly observed in EPR spectroscopy, the spectrum of the sample frozen without
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cryoprotection is significantly broader than that of the same sample frozen with
cryoprotection.
In order to verify that addition of the cryoprotectant does not affect the
hydration, we applied the spectral subtraction method to samples frozen with and without
cryoprotection. The application to N-ras p21.Mn(II)*GDP frozen without (Left) and with
(Right) 15% methyl-a-D-glucopyranoside is illustrated in Figure 3.
Spectra A and B are experimentally acquired EPR signals of N-ras
p21.Mn(II)*GDP in frozen solutions of natural abundance and 30% 170-enriched water,
respectively (no cryoprotection). Additional broadening, evidently from the 170
hyperfine interaction, is clearly discernible in the spectrum of the enriched sample.
Traces C, D, and E are difference spectra calculated by subtracting various fractions (K)
of Spectrum A from Spectrum B. The fractions were selected such that xK=(1-fe)m with
m equal to 2, 3 and 4 for Traces C, D and E, respectively. (With 30% enrichment
1-fe=0.70.) An extraneous pair of local extrema appears in Trace C and a subtle but
discernible pair of thin shoulders appears near the center of Trace D, while no extraneous
features appear in Trace E. As noted in our discussion of the spectral subtraction method
(vide supra), from these three observations we can conclude that 0.704 is the best
estimate of wo. The best interpretation of this result is that the first coordination sphere
contains four water molecules.
Spectra F and G are EPR signals of N-ras p21*Mn(II)*GDP in frozen solutions of
natural abundance and 30% 170-enriched water, respectively (15% methyl a-D-
glucopyranoside). Traces H, I and J are difference spectra calculated with the same
fractions (K) as for Traces C, D, and E. The pair of local extrema appearing in Traces H
and I, but not Trace J, together with other calculated difference spectra for which K was set
equal to values in the neighborhood of 0.704 (not shown) yield an experimental value of wo
very close to 0.704 and lead to the conclusion that the hydration number is four. Note that
the reduction of the EPR linewidth in the presence of the cryoprotectant leads to a more
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pronounced effect of 170 hyperfine interaction as can be appreciated by comparison of
Traces I and D in Figure 3.
Since the extraneous features in Trace D are subtle, we further analyze non-
cryoprotected samples by dispersion mode spectroscopy as is illustrated in Figure 4.
Spectra A and B are the dispersion mode EPR signals of N-ras p21*Mn(II)oGDP in
frozen solutions of natural abundance and 30% 170-enriched water, respectively (no
cryoprotection). Traces C, D, and E are difference spectra calculated by subtracting the
same three canonical fractions (kc) of Trace A from Trace B, with K equal to 0.702, 0.703
and 0.704 for Traces C, D and E, respectively. The local maximum appearing in Traces
C and D, but not Trace E, indicate again that the hydration number is four.
Comparison of Traces D in Figures 3 and 4 demonstrates the advantage of
applying the spectral subtraction method to dispersion mode spectra. Whereas the extra
feature in the absorption mode K=0.703 difference spectrum is merely a pair of thin
shoulders (Figure 3 Trace D), the extra feature in the dispersion mode K=0.703 difference
spectrum is a distinct local maximum (Figure 4 Trace D). Because the extraneous
features occur at regions of maximal amplitude in Su, application of the spectral
subtraction method to dispersion mode spectra benefits from the greater maximal
amplitude of the first-derivative dispersion mode lineshape.
The hydration number that we determined for N-ras p21*Mn(II)*GDP is in
complete agreement with the analogous results of an EPR study of H-ras
p21*Mn(II)*GDP influid solution by Smithers et al.26 and Latwesen et al.2 7 at 35 GHz.
This agreement demonstrates the validity of the spectral subtraction method in frozen
solution notwithstanding the slight anisotropy of 170 hyperfine interaction of aquo-
ligands in manganous ion complexes. 32 There are some advantages to working with
frozen solutions in this study. First, we obtain better signal-to-noise ratios, not only
because lower temperatures yield increased Boltzmann factors, but also because of the
possibility of admitting larger sample volumes without degrading the EPR resonator
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quality factor. In addition, working with frozen solutions eliminates the need to make
assumptions about the effect of protein dynamics upon the averaging of magnetic
interactions. The principal effect of cryoprotection is to reduce the EPR linewidth. This
linewidth reduction enhances sensitivity to 170 hyperfine broadening and facilitates the
determination of hydration numbers by EPR spectroscopy. We also observe directly that
the hydration number is unaffected by the introduction of 15% methyl a-D-
glucopyranoside. ESEEM results give corroborating evidence that this particular
cryoprotectant does not displace any aquo-ligands from the first coordination sphere, but
show that the more widely used cryoprotectant, glycerol, can, at high concentrations,
substitute for waters in the first coordination sphere. 13
A hydration number of four is completely consistent with complementary ESEEM
studies of the same p21 complex. These studies implicate an oxygen of the 3 phosphate
and an oxygen of the serine-17 hydroxyl group as direct ligands of the manganous ion but
rule out direct coordination by aspartate-57. 13 The overall picture of metal ion
coordination, in solution, is broadly consistent with structures determined by X-ray
diffraction of ras p21*Mg(II)*GDP crystals. The crystal structure of Tong et al.,9 shows
the divalent metal directly coordinated by an oxygen from the P phosphate and the
hydroxyl oxygen of serine-17 with the remaining four ligands presumably water
molecules. Schlichting et al.,8 however, suggested that an oxygen from the carboxyl
group of aspartate-57 might also coordinate. The interpretation of Schlichting et al.8
implies a hydration number of three and is thus incompatible with the results of this
study, the ESEEM studies cited above, 13 and the EPR studies by Smithers et al.26 and
Latwesen et al.27
GTP form ofp21. The application of the spectral subtraction method to EPR signals of
H-ras p21*Mn(II)*GMPPNP is illustrated in Figure 5. Spectra A and B are EPR signals
of p21.Mn(II)*GMPPNP in frozen solutions (with 15% methyl a-D-glucopyranoside) of
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natural abundance and 30% 170-enriched water, respectively. Traces C, D, and E are
difference spectra calculated by subtracting the various fractions (K) of Spectrum A from
Spectra B, with Ki equal to 0.701, 0.702 and 0.703 for Traces C, D and E, respectively.
The pairs of local extrema appearing in Trace C, but not Traces D and E, together with
difference spectra calculated with values of K in the neighborhood of 0.702 (not shown)
yield an experimental value of wo very close to 0.702 and lead to the conclusion that the
hydration number is two.
These results represent the first EPR measurement of the hydration number of the
divalent metal ion in the GTP form of p21. The result is consistent with the X-ray
diffraction-derived binding site structures of p21*Mg*(II)*GTP, 8
p21*Mg*(II)*GMPPNP 10 and p21*Mgo(II)*GMPPCP in crystals. 3 These crystal
structures show the divalent metal ion directly coordinated by the hydroxyl groups of
serine-17 and threonine-35, and by the P1 and y phosphates of GTP or its analogs.
As discussed above a hydration number of two leads us to the conclusion that
threonine-35 coordinates directly without an intervening water molecule, consistent with
X-ray crystallographic results. 3 ,10 Direct coordination of threonine-35 is also consistent
with the ESEEM results of Halkides et al.13 provided that the oxygen-manganous ion
bond is unusually long (-2.8 A) and correspondingly weak. One way to probe the
strength of that interaction is the measurement of the 170 contact hyperfine interaction of
the threonine-35 hydroxyl. In order to demonstrate the feasibility of quantifying 170
hyperfine interactions in the GTP form by high field EPR spectroscopy, we report here
the magnitude of the nearly isotropic 170 hyperfine interactions for the two aquo-ligands
in that form.
The data from which we estimate the magnitude of the isotropic 170 hyperfine
interaction for the two aquo-ligands in H-ras p21*Mn(II)*GMPPNP are shown in Figure 6.
Spectra A and B (solid) are EPR signals of p21 *Mn(II)*GMPPNP in frozen solutions of
natural abundance and 30% 170-enriched water, respectively. Traces C, D, E, F, G, H and
139
I (dashed) represent Spectrum A after numerical broadening (vide supra) by 170 hyperfine
coupling constants equal to 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 G, respectively. The relation
of Spectrum B to Traces G and H shows graphically that the actual hyperfine coupling
constant is between 2.5 and 3.0 G. Interpolation yields a value of 2.8 G as the best estimate
of the hyperfine coupling constant. Inasmuch as the 170 hyperfine coupling constant for
the four aquo-ligands in p21*Mn(II)*GDP has not yet been reported, we applied an
analogous analysis to that complex and obtain a value of 2.5 G as the best estimate of the
average hyperfine coupling constant. These values lie within the narrow range of values
previously reported for 170-Mn(II) interactions and shown in Table 1. Apart from the
extreme values, the coupling constants for all ligands, including H2170, HC1702- and
[170]nucleotide phosphato-ligands, lie between 2.0 and 2.9 G.16 ,18-20 ,23 ,27,32-35
Conclusions
In this paper we extend the EPR spectroscopy of ras p21 in two important directions--
towards lower temperatures and higher fields. In order to make our results comparable to
those of Halkides et al.,13 experiments were carried out in frozen solutions containing
15% methyl a-D-glucopyranoside. We showed that the hydration number as determined
by the spectral subtraction method is the same for frozen and fluid solutions of
p21.Mn(II).GDP. For the same complex we also showed that introduction of the
particular cryoprotectant employed in this study does not change the hydration number.
Collateral benefits of working with frozen solutions are improved signal-to-noise ratios
(due to larger sample volumes and increased Boltzmann factors) and the elimination of
the need to make assumptions about protein motions.
At high fields the second-order fine structure broadening makes a reduced
contribution to the linewidth of the central fine structure transition relative to lower fields.
Thus, high frequency EPR enhances sensitivity to 170 hyperfine broadening. In
conjunction with specific 170-labeling, it is then possible to test the coordination of a
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single putative ligand (for example, a specific amino acid or a specific region of a
nucleotide), to count multiple equivalent ligands (for example, solvent molecules), or to
determine the magnitude of the hyperfine interaction of a single ligand or of multiple
equivalent ligands. The results of this study suggest the feasibility of using high
frequency EPR spectroscopy in conjunction with specific 17 0-labeling to study other
manganous ion-based systems with large fine structure interactions, including other GTP-
hydrolyzing proteins, such as, the GTP form of EF-Tu.20
We also extend the spectral subtraction method by showing that application of the
spectral subtraction method to dispersion mode spectra yields clearer results where
application to absorption mode spectra yields equivocal results. The advantage is related
to greater maximal amplitude of the first-derivative dispersion mode lineshape.
In this EPR study we determine the number of water molecules coordinating a
manganous ion in the GDP and GTP forms of N- and H-ras p21, respectively, in frozen
aqueous solutions using a spectral subtraction method introduced by Reed. The hydration
numbers are determined to be four and two for the GDP and GTP forms, respectively.
The hydration number for the GTP form is a new result. This result implies that
threonine-35 is a ligand of the divalent metal ion, as is suggested by X-ray
crystallography-derived binding site structures, and resolves a dilemma raised by the
work of Halkides et al. In light of that work we conclude that this coordination, although
direct, must be weak. A critical test of this conjecture is the measurement of the 170
contact hyperfine interaction for the hydroxyl group of threonine-35 . As a demonstration
of feasibility, we made the analogous measurement for the two aquo-ligands in
p21*Mn*(II)*GMPPNP and found the average magnitude of the nearly isotropic 170
hyperfine interaction to be 2.8 G.
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Figure 1: Comparison of EPR spectra of (Top) N-ras p21*Mn(II).GMPPNP acquired at
9.755 GHz and (Bottom) H-ras p21.Mn(II).GMPPNP acquired at 139.5 GHz.
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Figure 2: Comparison of EPR spectra of N-ras p21*Mn(II)*GDP in frozen solutions (A)
with no cryoprotectant and (B) with 15% (w/v) methyl-a -D-glucopyranoside.
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Figure 3: Overlying EPR spectra of N-ras p21*Mn(II)*GDP in frozen solutions with no
cryoprotectant and (A) unenriched water and (B) 30% 170-enriched water.
Overlying difference spectra calculated with (C) K=0.70 2, (D) -=0.70 3, and (E) K=0.704.
The pair of local extrema appearing in (3 C), the pair of thin shoulders appearing in (3 D),
and the absence of any extraneous features in (3 E) show that there are four waters in the
first coordination sphere.
Overlying EPR spectra of N-ras p21*Mn(II)*GDP in frozen solutions (F) with 15%
methyl-a-D-glucopyranoside and unenriched water and (G) 30% 170-enriched water.
Overlying difference spectra calculated with (H) K=0.70 2, (I) K=0.703, and (J) c--0.70 4.
The pairs of local extrema appearing in (3 H) and (3 I), but not (3 J) show that there are
four waters in the first coordination sphere.
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Figure 4: (Upper) Overlying dispersion mode EPR spectra of N-ras p21.Mn(II)*GDP in
frozen solutions with no cryoprotectant and (A) unenriched water and (B) 30% 170-
enriched water.
(Lower) Overlying difference spectra calculated with (C) K=0.70 2, (D) =--0.703, and (E)
iK=0.704. The local maximum appearing in (4 C) and (4 D), but not (4 E) show that there
are four waters in the first coordination sphere.
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Figure 5: (Upper) Overlying EPR spectra of H-ras p21oMn(II)*GMPPNP in frozen
solutions with 15% methyl-a-D-glucopyranoside and (A) unenriched water and (B) 30%
170-enriched water.
(Lower) Overlying difference spectra calculated with (C) xK=0.70 1, (D) c--0.70 2, and (E)
i=0.703. The pairs of local extrema appearing in (5 C), but not (5 D) and (5 E) indicate
that there are two coordination sites for water.
151
49.51 49.54 49.57 49.59 49.62
Field (kG)
152
Figure 6: The solid traces are the EPR signals of H-ras p21*Mn(I)*oGMPPNP with 15%
methyl-a-D-glucopyranoside in (A) unenriched water and (B) 30% 170-enriched water.
The dashed traces represent Spectrum A after being broadened by a simulated hyperfine
interactions with two equivalent aquo-ligands of 30% 170-enrichment with 170 hyperfine
coupling constants equal to (C) 0.5, (D) 1.0 , (E) 1.5, (F) 2.0, (G) 2.5, (H) 3.0 and (I) 3.5
gauss.
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Abstract
As a molecular switch the ras protein undergoes structural changes that couple
recognition sites on the surface of the protein to the guanine nucleotide-divalent metal ion
binding site. X-ray crystallographic studies of p21 suggest coordination between
threonine-35 and the divalent metal ion plays an important role in these conformational
changes. Recent ESEEM studies of p21 in solution, however, place threonine-35 further
away from the metal and were interpreted as weak or indirect coordination of this residue.
We report high frequency (139.5 GHz) pulsed EPR spectroscopy of p21*Mn(II)
complexes of GMPPNP that probe the link between threonine-35 and the divalent metal
ion. In particular, we determine the 170 hyperfine coupling constant of [170y]Thr 35 is
determined to be ~1.1 G in the GTP form. This value is much smaller than reported
values (1.6 - 4 G) for 17 0-enriched aquo- and phosphato-ligands in other complexes of
Mn(II). These resluts are in agreement with direct, weak coordination of this residue as
suggested by Halkides et al. (1994) Biochemistry 33, 4019.
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Introduction
The ras gene product, p21, belongs to the important family of homologous GTP-
hydrolyzing proteins and plays a major role in cell signal transduction. 1 The active and
inactive forms of p21 bind the metal complexes of GTP and GDP, respectively. 2
Auxiliary proteins catalyze the interconversion between the two states.
X-ray diffraction studies of p21 in the two nucleotide forms found two regions of
conformational changes: the first comprises residues 32-40 and the second comprises
residues 60-76.2,3 While not agreeing on all points, both studies showed that Thr 35 was
coordinated via its hydroxyl group to the divalent metal in the GTP form but not the GDP
form. Notably, conformational change has also been observed via ESEEM in broad
agreement with crystallographic studies. In particular, ESEEM studies of
p21.Mn(II)*GMPPNP in solution also show that threonine-35 is closer in the GTP than in
the GDP state, they also imply, however, that the conformational change might be driven
by other interactions. However, ESEEM places threonine-35 further away from the
divalent metal ion in the GTP-form than does x-ray crystallography. 4 Significantly, it
has been asserted that the coordination of Thr 35 causes the large conformational changes
in p21.2 ,3,5 We have argued that coordination of the hydroxyl group of Thr 35 is unlikely
to drive the conformational change on energetic grounds: weak threonine hydroxyl
coordination is likely to be a consequence rather than a cause of the larger conformational
change.4
In particular, ESEEM studies of the GTP-form, determined the distance between
the manganous ion and several labeled nuclei on threonine, [15N]Thr, [2-2H]Thr, and [2-
13C]Thr. These measurements imply that the distance between the manganous ion and
the hydroxyl oxygen of Thr 35 must be greater than -2.8 A,4 which is significantly larger
than typical distances of first sphere oxygen-manganous ion coordination, -2.16 - 2.20
A.6-15 This observation raises the possibility that Thr 35 coordinates the manganous ion
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either directly, but weakly, or indirectly with an intervening water molecule, reminiscent
of Asp 57 in the GDP form of p21.4
With this dilemma in mind we attempted to clarify the nature of the interaction of
the threonine hydroxyl and the manganous ion. Prevously we employed continuous wave
EPR spectroscopy in conjunction with 30% enriched [170]H20 to search for direct
evidence of a water molecule intervening between the threonine hydroxyl and the
manganous ion in the GTP form. This search comprised a count of water molecules
coordinating the manganous ion of p21. Since three non-aquo-ligands other than
threonine-35 are known to coordinate the manganous ion, a count of three would have
been taken as direct evidence of an intervening water ligand. A count of two, however,
was the result; evidently the distance between the manganous ion and the hydroxyl
oxygen of threonine-35, does not admit an intervening water molecule.
To characterize more directly the coordination of Thr 35 to the divalent metal, we
have measured the [170y]Thr-Mn(II) hyperfine interaction. The strength of this
interaction is related to the Mn-O distance. Although 170 labeling of ligands has often
been employed fruitfully, 16 this study is the first of a protein incorporating a selectively
170-labeled amino acid and is complementary to our experiments with [170]H20. In
order to measure the [170y]Thr hyperfine interaction, we employ field-swept EPR
spectroscopy of the p21*Mn(II)*GMPPNP complex. We employ echo-detected EPR
spectroscopy to eliminate subtle distortions of the EPR (nominal) absorption lineshape
related to the ~-1 uncertainty in the phase of the quadrature-detected spectral pair. Echo-
detected EPR spectroscopy thus facilitates the measurement of weak 170 hyperfine
interactions.
The measurement of 170 hyperfine interactions in manganous ion-based systems
by EPR depends upon the observability of hyperfine broadening from 170-labeled oxo-
ligands within the relatively sharp central fine structure transition (mS = -1/2 4* +1/2)
against a background of other sources of broadening-- chiefly unresolved 1H and 31p
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hyperfine interactions and second-order fine structure broadening. The contribution of
unresolved hyperfine interactions to the overall line-broadening is independent of
magnetic field strength; the contribution of second-order fine structure broadening is
inversely proportional to the external magnetic field strength. 17 Accordingly, EPR of
manganous ion-based systems with 170 labeling has been extended to 139.5 GHz. Here,
we report the magnitude of the [ 170y]Thr hyperfine interaction measured at 139.5 GHz.
The measurement of 170 hyperfine coupling constants requires a quantitation of effects
of 170 hyperfine broadening upon the observed EPR lineshape, which is dominated by
the central fine structure transition (mS= -1/2 c:* +1/2).
Materials and Methods
170 labeled Threonine. Our synthesis of 170y-enriched threonine relied on an Evans
asymmetric aldol reaction 18 between 170-enriched acetaldehyde 1 and imide 2 to
establish the absolute and relative stereochemistry of the amino acid (Scheme 1). The
170-enriched acetaldehyde was obtained from 170-enriched water (Monsanto) via a slight
modification of the method of Sawyer.19 Imide 2 has been used by us previously in the
syntheses of several amino acids, including threonine. 20 Reaction of the tin enolate of 2
with 1 proceeded smoothly, affording diastereomerically pure 3 in 53% yield after silica
gel chromatography. Conversion of 3 to threonine followed our previous procedure. 2 1
Hydrolysis of 3 provided both the acid 4 and recovered 4-(Phenylmethyl)-2-
oxazolidinone in quantitative yield. Removal of the thiocarbonate was achieved under
acidic conditions, giving the threonine salt 5 as a light tan solid in 98% yield. Trituration
of this material with cold tetrahydrofuran afforded the analytically pure hydrochloride
salt used for the study described herein.
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Protein. The H-ras gene was cloned from plasmid pXVR (a generous gift of Professor L.
Feig) into ptrc99C by standard methodology (C. J. Halkides & A. G. Redfield,
manuscript in preparation). Overexpression and purification of H-ras p21 in the E. coli
strain DL39TG (auxotrophic for threonine), and the preparation of the
p21.Mn(II)*GMPPNP complex in 15% methyl a-D-glucopyranoside was performed as
described previously. 4 GAP334 22, a generous gift of Dr. J. Scheffler, was prepared in
the same buffer as p21, 20 mM HEPES*NaOH (pH 7.3), 10 mM dithiothreitol, 1.0 gM
MnC12, 1.0 p.M GMPPNP, 0.020% sodium azide. Therefore we use a dissociation
constant of 20 p.M for the latter case,22 and we estimate a dissociation constant of <50
pIM in the former, based on GTPase assays (Farrar et al., manuscript in preparation). The
ratio of GAP334 to p21 was 1.25:1, and the p21 is estimated to be at least 72% or 83%
bound in the two samples, assuming that the GAP334 was active.
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Mass Spectrometry. The enrichment of 170, in free threonine was determined by
introducing 50 pl of a 0.5 mg/ml alcohol/water solution of threonine into a Finnegan 4500
GC/LC/MS directly via a moving belt LC/MS interface over 30 seconds. Isobutane CI at
0.5 Torr was used, and the temperature was 170 OC. A spectrum of unlabeled threonine
was also taken, as well as two mixtures of known composition of labeled and unlabeled
material. Scans were taken over 60 - 130 mass units every 5 seconds. The enrichment of
170 was determined to be 33.8%. As a check, a second sample was prepared in a
glycerol matrix for FAB using a JEOL SX102A and 6 keV xenon atoms for
bombardment. Data were collected by scanning a limited mass range over the
appropriate molecular region. The enrichment of 170 was determined to be 33.9%, in
excellent agreement with the CI method.
To determine the enrichment of the amino acid residues (especially threonine)
within p21, we hydrolyzed a sample of protein and synthesized the N-heptafluorobutyryl
isobutyl esters of the resulting amino acids, as described previously.4 GC/MS on the
mixture employed a 30 m by 0.25 mm column of DB5 MSFSCC (J & W Scientific). The
injector temperature was 275 OC. The time program was an initial temperature of 80 OC
for 2.5 min, followed by an increase of 40/min to 240 'C and held there for 20 min.
Compounds were subjected to ammonia CI at 0.7 Torr with an ion source temperature of
170 OC. 70 scans/min (M/Z = 270 - 700) were taken. The intensities from the derivatized
protein hydrolyzate were corrected for natural abundances to give 30.3 % enrichment of
[170y]Thr (Fig. 1).
Echo-Detected EPR Spectroscopy. The pulsed 139.5 GHz EPR spectrometer is described
in detail elsewhere.23 The external magnetic field is swept through the lowest-field
member (mI = -5/2) of the 55Mn hyperfine sextet of the central fine structure transition,
from 49.513 kG to 49.620 kG in 0.250 G increments. The microwave power is
approximately 800 gW, which corresponds to a B1 field of 0.6 G. Samples are contained
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within fused silica sample tubes (I.D. = 0.40 mm, O.D. = 0.55 mm, Wilmad) centered
concentrically in a cylindrical TE011 mode resonator designed and built in this laboratory.
The x/2-t-x-i-echo and t/2-2-T-/2-'r-ix/2-r-echo pulse sequences are employed. The t/2-
pulse width is -200 nsec. The Ic-pulse width is -350 nsec. The time between pulses, ', is
typically 350 nsec. The echo height is measured and averaged by a boxcar averager
(E.G.&G.). A steady flow of cold helium gas over the resonator maintains the sample
within ±+0.5 K of, typically, 20 K. In order to assess the influence of homogeneous
broadening on the observed EPR lineshapes, we measured the characteristic time constant
of the Hahn echo envelope decay. The characteristic time constant was measured to be
-910 nsec at 14 K and -725 nsec at 20 K. For pairs of samples differing only in
[170y]Thr enrichment, characteristic time constants were found to be the same within
-5%.
Analysis
The Estimation of the Magnitude of the 170 Hyperfine Interaction. We characterize
[170,]Thr-Mn(II) interaction by estimating the magnitude of the 170 hyperfine
interaction. This estimation is effected by a procedure developed by Olsen and Reed. 24
The size of the hyperfine interaction is estimated by comparison of recorded spectra of an
enriched sample, Se, with spectral simulations. Since by definition, the recorded
spectrum of the unenriched sample, Su, is identical to a perfect simulation incorporating
all magnetic interactions except the 170 hyperfine interaction, we take Su as a starting
point and further simulate only an isotropic hyperfine interaction with a single oxo-ligand
of known 170 isotopic enrichment. Parametric variation of the 170 hyperfine coupling
constant is made in order to calculate a series of numerically broadened spectra.
Comparison of Se with the series of numerically broadened spectra yields a lower and an
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upper bound for the magnitude of the actual 170 hyperfine interaction. Interpolation is
used to refine the estimate.
Ab Initio Calculations. The ab initio all-electron unrestricted Hartree-Fock molecular
orbital calculation were performed by the Gaussian 92 Revsion A suite of programs 25
and the Natural Bond Orbital Analysis is performed by the program NBO Version 3.1.26
The LANL1MB basis set comprises the STO-3G basis set for first row elements and the
Los Alamos ECP + MBS on atoms Na - Bi.27-29 To gain insight into the dependance of
170 hyperfine interaction upon distance, MO calculations were carried out for a series of
geometries that had the oxygen atoms of the six water molecules arranged in an
octahedral array around the manganous ion. H20 molecules at opposite ends of the
complex ion are assumed to co-planar. Thus the three pairs of H20 molecules define
three planes, which are assumed to be mutually perpendicular. In each H20 molecule the
two O-H distances are assumed to be 0.950 A and 0.960 A, and Z H-O-H is assumed to
be 112.0". For five of the H20 molecules, the Mn-O distance is assumed to 2.2 A, while
for the sixth the Mn-O disance is varied parametrically. A Fermi contact analysis is used
to estimate the 170 hyperfine interaction. For a water molecule characterized by the
typical Mn-O distance, -2.20 A, the Fermi contact coupling constant, is -8.9 MHz in
good agreement with the experimental value of -7.6 MHz.30
Results
A spectra pair representative of those used to determine the [170y]Thr hyperfine coupling
in p21.Mn(II)*GMPPNP constant are shown in Figure 2. Spectra A is an experimentally
acquired EPR signal of natural abundance p21.Mn(II)*GMPPNP frozen in aqueous
solution of 15% (w/v) methyl a-D-glucopyranoside and spectrum B is a corresponding
signal of p21.Mn(II).GMPPNP 30.3 ± 0.5 % enriched in [170y]Thr.
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In order to illustrate the method by which we estimate the magnitude of the
largely isotropic 170y hyperfine interaction, the region around the peak maximum is
expanded and shown in Figure 3. Spectra A and B (solid) are the same pair of EPR
signals shown in Figure 2. Traces C, D, E, and F (dashed) represent Spectrum A after
numerical broadening (vide supra) by 170 hyperfine coupling constants equal to 0.5, 1.0,
1.5, and 2.0 G, respectively. The relation of Spectrum B to Traces D and E shows the
actual hyperfine coupling constant is between 1.0 and 1.5 G. Interpolation yields a value
of 1.1 G as the best estimate of the hyperfine coupling constant.
The dependence of relative peak height upon 170 hyperfine coupling constant is
illustrated in Figure 4. The curve shows that a relative peak height of 0.976 corresponds
to a hyperfine value of 1.1 G. The slope of the curve in the region of A = 1.0 - 1.5 G
suggests that a ±1 % uncertainty in the relative peak height leads to a +0.3 G uncertainty
in the value of A. Another source of uncertainty in the final estimate of A is uncertainty
in the [170,]Thr enrichment: a ±1 % uncertainty in the enrichment leads to a +0.1 G
uncertainty in the value of A. It is worth noting that echo-detected EPR spectra are
spectrally less sensitive to 170 hyperfine broadening. There are, however, some
advantages to working with echo-detected spectra which may compensate for this
decrease in sensitivity, chiefly -- improved signal-to-noise ratios, improved intrinsic
resolution and the utter absence of uncertainty in the phase of the spectrum.
A spectra pair representative of those used to determine the [17Oy]Thr hyperfine
coupling constant in p21*Mn(II).GMPPNP*GAP334 are shown in Figure 5. Spectrum A
is an experimentally acquired EPR signal of natural abundance
p21*Mn(II)*GMPPNP*GAP334 frozen in aqueous solution of 15 % (w/v) methyl oa-D-
glucopyranoside and spectrum B is a corresponding signal of
p21*Mn(II)*GMPPNP*GAP334 30.3 ± 0.5 % enriched in [170y]Thr.
As above the comparison of experimentally acquired spectra with a series of
numerically broadened spectra is used to estimate the size of the 170y hyperfine
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interaction. This comparison is shown in Figure 6. Spectra A and B (solid) are the same
pair of EPR signals shown in Figure 2. Traces C, D, E, and F (dashed) represent
Spectrum A after numerical broadening by 170 hyperfine coupling constants equal to 0.5,
1.0, 1.5, and 2.0 G, respectively. The relation of Spectrum B to Traces D and E shows
the actual hyperfine coupling constant is between 1.0 and 1.5 G. Interpolation yields a
value of 1.2 G as the best estimate of the hyperfine coupling constant.
Analysis of several samples yields a hyperfine coupling for [170y]Thr35 is 1.1
+0.3/-0.4 G in p21*Mn(II)*GMPPNP. This is substantially smaller than is usually
observed for 170 ligands to Mn(II). The hyperfine coupling constant is not substantially
altered by interaction with GAP334 22 and is estimated to be 1.2 +0.4/-0.5 G in
p21*Mn(II)*GMPPNP*GAP334.
Discussion
In this study repeated trials determine the [17Oy]Thr hyperfine coupling constant to be 1.1
+0.3/-0.4 G. This coupling is the smallest reported 170 hyperfine interaction for an oxo-
ligand in the first coordination sphere of a manganous ion (2 - 4 G) as determined by
ENDOR 30-32 and EPR.33-36 Although small, the [170y]Thr 35 hyperfine coupling is
large enough to indicate that Thr 35 is a direct ligand of Mn(II), this result accords with
the finding that there is no water molecule intervening between Mn(II) and Thr 35 in
p21*Mn(II)*GMPPNP.
This extreme 170 hyperfine coupling constant may be considered in light of the
range of other 170 hyperfine coupling constants measured for other oxo-ligands. On the
one hand, the hyperfine coupling values for H2170 are tightly clustered (2.5 - 2.8 G); on
the other, values for the [p-1704]nucleotide polyphosphates cover a wide range (1.6 -4
G). A small molecule, such as water, has relatively fewer and weaker constraints, and
thus can attain nearly optimal distance (-2.2 A) and orientation with respect to the
manganous ion. The P-phosphate oxygens of nucleotide polyphosphate, however, have
169
stronger and more numerous constraints. These constraints include the covalent linkages
to other phosphate groups, and via the ax phosphate group to the ribose and base, as well
as the potentially large number of non-covalent interactions involving those groups. Thus
subtle changes at the active site may be manifested as large changes in the hyperfine
interaction. For example, in p21*Mn(II)*GDP the [3-1704]GDP hyperfine coupling
constant is sensitive to protein mutations that cause subtle variation in the chemical
environment of the nucleotide. In the case of EF-Tu, the presence of inorganic phosphate
dramaticaly reduces the [p- 1704]GDP hyperfine interaction from 2.5 G to 1.6 G. (In
manganese pyrophosphate dihydrate, similar constraints cause a considerable deviation
from perfectly octahedral coordination. 37)
A value of 1.1 G is considerably smaller than the range that is observed for aquo
ligands of Mn(II), 2.5 - 2.8 G (Table 1, Chapter 4). (We presume that the aquo ligands
represent the best chemical comparison to the hydroxyl group of Thr 35.) This unusually
small hyperfine interaction could be associated with an unfavorable orientation of the
hydroxyl group or with a longer than usual Mn-Oy distance. However, these results are
interpreted in light of previous ESEEM studies of p21 in solution. Those studies imply
that Thr 35 is weakly coordinated to the metal ion, having a long Mn(II)-Oy bond.4 In
particular, ESEEM studies of [2Hp]Thr-labeled p21 provided a Mn(II)-2H distance of
4.85 ± 0.2 A,4 and studies of [13Cp]Thr labeled p21 yielded a Mn- 13Cp distance of 4.3 +
0.2 A (Farrar et al., manuscript in preparation). Data from the crystal structure of
threonine 38 can be used to show that these values place lower limits on the Mn(II)-
oxygen bond length equal to 2.8 A and 3.0 A, respectively. Ab initio calculations (vide
supra) also show that for an H2170 molecule coordinating a manganous ion , a Fermi
contact hyperfine coupling of 1.1 +0.3/-0.4 G corresponds to an Mn-O distance of
roughly 2.7 -0.1/+0.2 A (although we recognize that the Fermi contact also depends upon
orientation as well as distance, here we assume the Mn-O axis nearly bisects the angle
between the lone pairs).
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Thus we conclude that unusually small 1707 hyperfine interaction can be
explained in terms of an unusually long Mn(II)-Oy bond. The hydroxyl oxygen-Mn(II)
bond is so long perhaps because of the presence of constraints placed upon Thr35. These
constraints include covalent bonds with the rest of the polypeptide and hydrogen bonds
and other noncovalent interactions with the protein, bound waters, and nucleotide. We
surmise that the favorable energetics of these interactions outweighs the small energetic
penalty associated with the long bond.
The EPR and ESEEM results place Thr35 further from the metal ion than do X-
ray crystallographic studies of p21, which reveal a Mg-O distance of 2.26 A.3 In
contrast, the distance between the magnesium ion and the hydroxyl oxygen in ((S)-
malato)tetraaquamagnesium(II) hydrate is 2.125 A.39 Thus the Mg-O bond in crystals of
p21 is slightly longer than is expected based on model compounds.
Threonine has now been labeled with four different nuclei (2H, 15N, 13C, and
170) and examined by ESEEM and field-swept spectroscopies; all methods show that
Thr35 is more distant from the manganous ion in frozen solution than in the crystal.40
The length of metal-ligand bonds in a protein may be the result of many favorable and
unfavorable interactions that do not occur in small molecule complexes, as discussed
above. We postulate that in solution such interactions prevent Thr35 from forming a
shorter bond to the metal, and that changes in the this region upon crystallization allow
Thr35 to relax toward the metal ion.
A long, weak bond between Thr35 and the divalent metal is consistent with the
biochemical properties of p21. Among the conformational changes of free p21 upon
nucleotide substitution, we distinguish the following: the binding of p21 to GAP and the
binding of p21 to Raf- 1, because these properties are assessed differently and because
these properties respond differently in mutagenesis studies. 5 It is known that both Raf-1
(the downstream target of p21) and GAP bind more tightly to p21 in the GTP-state than
the GDP-state, as expected.41,42 Mutagenesis studies have indicated that Raf-1 binds to
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p21 in a region that encompasses residues 26-48 of p21;5 therefore, it is reasonable that
the conformational change upon nucleotide substitution should occur in this region, and
the conformational change should include Thr 35.
Little direct information is available about the structure of the mutants at Thr 35
of p21; 43 therefore it is not known what conformations they attain when bound to GTP.
Biochemical data on these mutants has recently been summarized. 4 The T35S mutant
binds GAP and hydrolyzes GTP in GAP-dependent manner, in contrast with the T35A
mutant. However, the T35S mutant cannot interact with the downstream target of p21,
Raf-1; 44 it would seem that the hydroxyl group is necessary but not always sufficient to
allow p21 to interact with other proteins. Mutagenesis studies of Thr 35 clearly show that
this residue is important in both binding to Raf- 1 (signaling) and GAP-dependent
GTPase, but these results cannot distinguish between strong or weak coordination of the
hydroxyl group. In other words, the mutagenesis studies are consistent with the X-ray
model of tight coordination, but do not demand it.4
The biochemical and point-mutation studies do, however, demand a
conformational change upon nucleotide substitution, which has been observed by several
techniques. All biophysical studies (two X-ray analyses and the ESEEM study) which
address the movement of Thr 35 upon nucleotide exchange give qualitatively similar
pictures: Thr35 is closer to the metal in the GTP than the GDP states. The three studies
do not give identical positions of Thr 35 in the GDP form;4 therefore, it is plausible that
they give different positions in the GTP form. Our conclusion is that GAP and Raf- 1
both recognize the effects of the long metal-oxygen bond of Thr 35 as part of their
binding to p21 (in addition, Raf-1 also requires a methyl group at the y-position of residue
35).
Some interpretations of the conformational change place great emphasis upon the
coordination of the hydroxyl group being an energetically favorable event, driving the
conformational change in this region.2 ,3 We demur for the following reasons. First,
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coordination of Thr 35 is not in itself favorable, or it would be coordinated in the GDP
state as well. Second, in the GTP-state a long bond from Thr 35 to the metal has replaced
a shorter bond between a water molecule and the metal ion in the GDP-state. This would
seemingly be a little unfavorable energetically (even if the coordinate bond of Thr 35
were of the expected length, the reaction would presumably be energetically neutral).
Evidently, some other interaction must make the displacement of a water molecule by
Thr 35 at the metal a favorable event. It is hard to see how the replacement of GDP with
GTP makes the hydroxyl group of Thr 35 a more attractive ligand to the metal than water
by a direct mechanism (i.e., a change in the chemical properties of the metal); rather, it
seems likely to be an effect mediated by other interactions between the protein and the
metal-nucleotide complex.
The most salient differences between GDP and GTP are the increase in charge in
going to the latter, and the increase in potential H-bonding between positively charged
groups and the negatively charged y-phosphate. We believe that the putative H-bond
between the phosphate and the amide group of Thr 35 is as important or more important
than the coordination of the hydroxyl group. Our interpretation is that the conformational
change of the effector region of p21 is brought about both by coordination of the
hydroxyl group of Thr 35 and hydrogen bonding between the amide hydrogen and the y-
phosphate principally (but not exclusively). Indeed, the H-bond formed between Gly 60
and the y-phosphate of GTP appears to be responsible for the conformational change in
the Switch II region2 of the protein, implying that H-bonding alone is strong enough to
drive a conformational change.
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Figure 1: GC/MS data for the N-heptafluorobutyryl isobutyl derivatives of threonine
residues from hydrolyzed ras p21 prepared as described in the Materials and Methods
section. The peak at 568 is the parent ion (M+1). From these data, we calculate the
fraction of threonine residues in the protein labeled with 170 to be 30.3+0.5%.
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Figure 2: Overlying echo-detected EPR signals of ras p21oMn(II)*GMPPNP in frozen
solutions at pH 7.3 with 15% methyl a-D-glucopyranoside. (A) Natural abundance
[Oy]Thr, and (B) shows 30.3+0.5% enriched [170,]Thr.
177
49.537 49.565 49.592
Field (kG)
178
49.510 49.620
Figure 3: The solid traces are EPR signals of ras p21 Mn(II)*GMPPNP in frozen
solutions as in Figure 2 with (A) natural abundance [Oy]Thr and (B) 30.3% enriched
[170y]Thr. The dashed traces represent Spectrum A after being broadened by a simulated
hyperfine interaction with 30.3% enriched [170y]Thr with 170 hyperfine coupling
constants equal to (C) 0.5, (D) 1.0 , (E) 1.5, and (F) 2.0 G respectively. These data imply
that the hyperfmine interaction is 1.1 G.
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Figure 4: Relative peak height of a normalized echo-detected EPR signal for ras
p21*Mn(IIH)GMPPNP with 30.3% enriched [170y]Thr. The experimentally acquired
EPR signal of ras p21*Mn(IIH)GMPPNP with natural abundance [Oy]Thr is broadened
numerically by a computer program which simulates the effects of the 170 hyperfine
interaction.
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Figure 5: Overlying echo-detected EPR signals of ras p21.Mn(II)*GMPPNP*GAP334 in
frozen solutions with 15% methyl a-D-glucopyranoside and (A) natural abundance
[Oy]Thr and (B) 30.3±0.5% enriched [17Oy]Thr.
183
Field (kG)
184
Figure 6: The solid traces are EPR signals of ras p21*Mn(II)*GMPPNP*GAP334 in frozen
solutions in the absence of [NaC1]
with 15% methyl a-D-glucopyranoside and (A) natural abundance [Oy]Thr and (B)
30.3% enriched [ 170 7]Thr. The dashed traces represent Spectrum A after being
broadened by a simulated hyperfine interaction with 30.3% enriched [170,]Thr with 170
hyperfine coupling constants equal to (C) 0.5, (D) 1.0, (E) 1.5, and (F) 2.0 G
respectively. These data imply that the hyperfine interaction is 1.2 G.
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Abstract
Galactose oxidase from Dactylium dendroides catalyzes the two-electron oxidation of
primary alchohols to aldehydes. The enzyme contains a copper ion cofactor and a unique
tyrosine-cysteine dimer, the thiol group of C228 is covalently linked by a thioether
linkage to the ortho position on the phenol side chain of Y272 replacing a hydrogen atom
on one of the ortho ring carbons. X-band EPR and ENDOR spectroscopic studies have
previously identified this dimer as a free radical site. High frequency EPR spectra of the
free radical and a model 2-methylthiocresyl radical reveal virtually identical g-values.
The nearly axial g-tensors provide corroborating evidence for a covalent thioether linkage
and indicate that spin density is strongly localized on the cresol/tyrosine and sulfur rather
than being delocalized throughout an extended i-network. Thus effectively eliminating
the possibility that the enzymatic free radical is delocalized over the three amino acids
Y272, C228, and W290 in a hypothesized extended n-network. High frequency EPR also
reveals a distribution in the largest g-value of the model para-cresyl radical not detected
at conventional frequencies.
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Introduction
Galactose oxidase from the fungal species Dactylium dendroides is a monomeric 68
kDa metallo-enzyme catalyzing the two-electron oxidation of a broad range of primary
alchohols to the corresponding aldehydes, with the concurrent reduction of 02 to H2021-3
A single cupric ion is bound to the protein as the sole metal cofactor. The enzyme is
activated by one-electron oxidation, leading to the disappearance of the cupric EPR
spectrum characteristic of the native enzyme and the formation an EPR-silent oxidized
copper complex.4 ,5 Optical and X-ray absorption measurements have demonstrated that
the metal remains divalent upon oxidation of the complex, 5-7 implying the existence of a
free radical at some protein redox site. This feature defines a new class of radical copper
oxidases containing an anti-ferromagnetically coupled free radical-copper complex that
serves as a two-electron redox unit in the active enzyme.
The protein free radical in galactose oxidase can be prepared in up to 40% yield
by mild oxidation of the apoprotein following removal of copper.8 The distinctive EPR
spectrum of this unusually stable radical is significantly perturbed by the incorporation of
deuterated tyrosine into the enzyme, indicating that the radical is derived from a tyrosyl
residue.8 An X-ray crystal structure of galactose oxidase has recently revealed two
tyrosines coordinated to the active site copper ion.9 One of these tyrosines (Y272) is
covalently cross-linked to a cysteinyl residue (C228), with the sulfur of the cysteinyl side
chain replacing hydrogen on one of the ortho ring carbons. A combination of EPR and
ENDOR experiments have identified this novel modified tyrosine as the protein free
radical site in apogalactose oxidase. 10
Tyrosyl radicals have been identified and studied in the structures of a range of
enzymesl 1 including ribonucleotide reductase, 12-14 prostaglandin synthase, 15,16 and
photosystem II.17,18 (Under certain conditions, cytochrome c peroxidase appears to form
a tyrosyl radical, but its exact location and function remains unknown.19) The
widespread occurrence of tyrosine free radicals in biology is likely a consequence of the
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relatively low redox potential of the phenolic side chain. However, radicals have recently
been identified or implicated at other sites in proteins, including glycine,20 tryptophan, 21
and cysteine22 ,23 residues. There is a widening recognition of the importance of radicals
in biochemistry leading to the emergence of a new field of free radical enzymology. 24 ,25
The stable free radical in galactose oxidase is of special interest in this growing list of
biological radicals in that it directly participates in active site chemistry as a functional
redox site,26 ,27 in contrast to many other protein radicals that appear to store redox
equivalents and are only indirectly involved in catalytic function.
The importance of free radicals in enzyme catalysis has led to the development of
effective spectroscopic probes to study protein-based radicals. Optical absorption and
resonance Raman spectroscopies have proven useful in identifying and characterizing
radicals based on characteristic spectral features, but give only limited information on
electronic structure. EPR and ENDOR spectroscopies have proven especially valuable in
studies on radicals as a result of their selectivity for paramagnetic species, unsurpassed
resolution, and sensitivity to details of the ground state spin distribution reflecting the
nature of the electronic wave function involved in redox chemistry. The special
advantages of EPR techniques in free radical studies have been extensively developed in
a wide range of low frequency (X-band) investigations that have been useful in
identifying protein radicals based on characteristic patterns of nuclear hyperfine coupling.
High frequency EPR spectroscopy is a new approach that can dramatically extend
the information available from conventional low frequency methods in studies of
biological free radicals.28-31 These radicals are generally not available in crystalline
form and must be studied in frozen solution. At conventional EPR field strengths (0.3 T),
the frozen solution spectra are dominated by hyperfine interactions and the small Zeeman
dispersion typical of organic radicals remains unresolved. However, acquisition of
spectra at high field (5 T) results in a dramatic increase in the resolution of g-anisotropy.
The increased spectral resolution that becomes available at high field provides additional
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structural information in the relative orientations of g- and A- tensors. The accurate
experimental g-values available from the high field experiments can be used to
complement molecular orbital calculations, yielding information on the distribution of
electronic spin at each of the atoms in a molecule (including nuclei such as O and S
whose major naturally abundant isotopes are not magnetic and therefore not amenable to
ENDOR). The accurate determination of molecular g-values using high frequency EPR
spectroscopy has thus become an active area of research.32 ,33
The present study uses a combination of high frequency EPR spectroscopy and
molecular orbital calculations to investigate and compare the structures of the novel
tyrosine-cysteine dimer free radical in apogalactose oxidase and model radicals generated
by UV photolysis of two simple phenols (cresol and 2-methylthiocresol [MTC]). The
EPR spectra reflect a significant perturbation of the ground state electronic structure by
thioether substitution in both model and enzyme radicals that can be interpreted in terms
of molecular orbital calculations as a result of heavy atom effects associated with sulfur-
containing side chain. EPR spectra of the galactose oxidase and MTC radicals both
exhibit relatively axial g-values , compared to the more rhombic spectra typical of tyrosyl
radicals in other proteins. Electronic structure calculations of the spin unrestricted
ground state of the methylthiocresyl radical using density functional methods have
allowed a perturbative calculation of the molecular g-tensor for comparison with
experiment. Theory indicates that the observed axial g-values for the substituted radicals
are a consequence of transfer of substantial unpaired spin density onto the exocyclic
sulfur through ix-covalency in the highest occupied MO. Energetic effects of the
delocalization of the radical redox orbital over the side chain sulfur may also account for
the stability of the substituted radical relative to simple phenoxyl radicals. Pulsed (echo-
detected) EPR at 140 GHz has extended the information available on the active site
radical to the resolution of proton hyperfine coupling in the principal g-values, allowing
hyperfine components to be estimated by inspection.
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Materials and Methods
Samples. Apogalactose oxidase was prepared and the radical species generated by
ferricyanide treatment as previously described.8 Cresol was obtained from Sigma
Chemical Company 2-methylthiocresol was prepared as previously described and
fractionally distilled under vacuum before use. Cresol and 2-methylthiocresol samples
were prepared as 2 mM solutions in propionitrile:butyronitrile glassing solvent (1:1 molar
ratio, from freshly distilled components) 34 and deprotonated with a stoichiometric
equivalent of tetrabutyl ammonium hydroxide. Samples were sealed in glass ampoules
under argon, shipped on dry ice, and stored in liquid nitrogen. Immediately prior to each
EPR experiment, the ampoules were thawed and broken, and the liquid was taken up into
quartz capillary tubes (0.4 mm i.d., 0.55 mm o.d.). Radicals of the model compounds
were generated by UV irradiation (lamp, UVP model B 100 AP; bulb, Sylvania model
H44GS-100, 100 watts) of the loaded sample tubes under liquid nitrogen. Irradiation
time of displayed spectra was 5 minutes for the cresol and approximately 1 minute for the
2-methylthiocresol. At longer irradiation times, the EPR spectra of the thioether
derivative was found to be highly variable, appearing to reflect photochemical
decomposition of the sample, whereas the cresol spectra displayed no such sensitivity.
140 GHz EPR. Spectra were variously acquired in unsaturated absorption, saturated
dispersion, or electron spin-echo modes and then compared to computer simulations. In an
effort to detect proton hyperfine structure not resolved in saturated dispersion spectra,
additional spectra were acquired in the echo-detected and unsaturated absorption modes
when conditions allowed. (Spectra acquired in the echo-detected were also pseudo-
modulated.)
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Samples were inserted into the cylindrical resonator under liquid nitrogen and the
EPR probe was loaded into a pre-cooled dewar as previously described. 35 EPR
measurements were obtained at 139.500 GHz employing a super-heterodyne spectrometer
with phase-sensitive detection built in this laboratory. A steady flow of cold Helium gas
maintained the sample at 10 K ± 0.5 K during the experiments.
For continuous wave measurements, the external magnetic field was swept from
49.600 to 49.850 kG at 0.3 G/sec. The external magnetic field was modulated at a
frequency of 400 Hz by an amplitude of 2.4 G. Microwave power at the sample was
estimated to be 20 gW, corresponding to a B1 field of approximately 0.1 G.
Under these experimental conditions, the EPR signals of the apogalactose
oxidase, cresyl, and 2-methylthiocresyl radicals exhibit saturation and adiabatic passage
effects discussed previously.31,35,36 Thus, in order to maximize signal-to-noise ratios,
spectra were obtained under conditions which maximized the saturated modulation-
detected first harmonic dispersion signal. Under these saturating conditions, modulation-
detected dispersion signals have an unconventional appearance (similar to those of direct-
detected) and exhibit an increased line broadening and therefore decreased spectral
resolution relative to conventional, unsaturated absorption signals. In order to improve
resolution and achieve a more conventional representation (similar to that of modulation-
detected absorption spectra), saturated dispersion spectra were subjected to
pseudomodulation following the methods developed by Hyde et al.37 In
pseudomodulation, a computer algorithm operates on the recorded data to simulate the
effect of an applied sinusoidal field modulation yielding the harmonics of that
modulation; the algorithm also has the effect of acting as a digital noise filter.37
In the echo-detection mode, the external magnetic field was swept from 49.600 to
49.850 kG at 0.1 G/sec. For echo-detected measurements, the microwave power was
approximately 800 gW, corresponding to a B1 field close to 0.6 G. A p1-t-p2-t-p2 pulse
sequence was employed, with pulse widths of 1.5 gsec for the first pulse ,p , and 350
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nsec for the second and third pulses, P2. The time delay between pulses, r, was 300 nsec.
The echo was acquired at a time -300 nsec after the third pulse, and the height was
measured.
Calibration of the external magnetic field was achieved by recording the EPR
spectrum of Mn0.0002Mg0.99980 (ge = 2.00101 and AMn = 8.71 mT) under the same
conditions as the sample and comparing the measured resonant fields for the 55Mn
hyperfine sextet with values calculated using second-order corrections.
Spectral Simulations. Spectra were simulated as previously described, leaving the three
principal values of the g-matrix, the three principal values of each hyperfine matrix, and
the relative orientations of each hyperfine matrix with respect to the g-matrix as
adjustable parameters in solving for the resonant fields (Bres):
Br.(0,O,mi 1,...,min) = hve - miAef(,O ) (1)
geff(8,O)) i= 1
where 0 is the polar angle and 0 is the azimuthal angle, h is Planck's constant, Ve is the
microwave frequency, geff(0,) is the orientationally dependent effective g-value, P$ is
the Bohr magneton, and Aef(0,) (in Gauss) is the orientationally dependent hyperfine
coupling to the ith nucleus. In the simulation of orientationally disordered samples 180
polar angles were sampled at equal intervals over a range of 0 to 7E. At each polar angle,
between one and 360 azimuthal angles (the number being nearly equal to 360 times the
sine of the polar angle) were sampled at equal intervals over a range 0 to 2nt. At each
orientation the resonant fields are calculated, and the resulting distribution of resonant
fields is convolved with the appropriate lineshape.
Molecular Orbital Calculations. Calculations were performed using self-consistent local
density functional (LDF) methods 38 implemented in the program DMol (Biosym
Technologies, San Diego). DMol uses the Vosco-Wilk-Nusair exchange-correlation
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potential39 with Becke 88 exchange40 and Lee-Yang-Parr (LYP) correlation non-local
corrections, 41 providing a first principles calculation of electronic structures of molecular
systems. For large molecular systems LDF methods offer significant advantages in
computational efficiency, and are also less susceptible to spin contamination problems
than Hartree-Fock calculations.42-44 The calculations were performed using a double
numeric basis extending to the third harmonics for all non-hydrogen atoms which allows
for adequate treatment of polarization effects. Molecules were first relaxed in spin
unrestricted, correlated ab initio potentials, and the spin unrestricted ground state
electronic structure was solved in the optimized geometry. The resulting wave functions
are expanded in atom-centered numerical basis sets that project the coefficients used in
computing g-values. For geometry optimization, significant eigenvector mixing (0.3)
was allowed in the SCF procedure while stricter convergence criteria (0.005 mixing
coefficients for electron density and spin) were required to obtain high quality ground-
state wave functions, especially for the MTC radical for which low energy electronic
excited-states are predicted. Graphical displays were printed from the Insight®
molecular modeling interface.
The half-occupied molecular orbital determines the ground-state magnetic
properties of the molecule. In Cs symmetry, all electronic wave functions are non-
degenerate and orbital momentum is quenched,45 and spin-only paramagnetism would be
predicted. However, spin-orbit perturbation mixes the a' orbitals with a" orbitals via
perpendicular components of orbital angular momentum, Lx and Ly, leading to
unquenching of orbital momentum in the electronic ground state. This unquenched
momentum experimentally gives rise to EPR g-shifts, deviations from the free electron g-
value (Ag -g - ge). g-values can be calculated from the electronic structure of a
molecular radical by a sum-over-states approach in second-order perturbation theory for
the combined Zeeman and spin-orbit perturbations. Since the spin-orbit operator is a
single-center operator (ý(r) vanishes at large r) the molecular g-anisotropy arises from a
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sum over contributions from each atom contributing to the MO containing the unpaired
spin. Assuming orthogonality of orbitals centered on different atoms, an expression for
the orbital g-shift of the molecular radical can be derived in terms of matrix elements of
orbital momentum operators between unperturbed levels. Contributions from individual
atoms are summed tensorially over the molecule to obtain the molecular g-tensor:46 ,47
Agxx = 2 C X (NI(i) IL1k')l N (i))y ý(k)( y(i) ILx(k)l x) ) / (ei - ej) (2 A)
ikj k' k
Agxy = 2 X ( y(i) ILk')1 i (i))X •(k)(i) IL(k)1 ly(i) ) / (Ei - 8Ej) (2 B)
i k' k
Agyy = 2 Y (1 J(i) ILy(k') l V (i))X ý(k)( i(i) 1 •k)l ,i)) / (ei - Ej) (2 C)
i j k' k
where i indexes MO's and j is the index of the half-occupied molecular orbital, k and k'
index atoms, ei is the energy of the ith MO and ýk is the one-electron atomic spin-orbit
coupling constant for the kth atom (kC = 21.4 cm-1; Co = 147cm-l; ýs = 374 cm-1).48 The
summation is over all MO's within 0.5 Ha of the half-occupied molecular orbital.
Outside of this set the contributions were insignificant both because of the the large
energy denominator in the perturbation expression and relatively small coefficients
contributing to the g-shift (vide infra). Expansion in atomic valence orbitals,
I0J)) = 0~jk) I 2p))
k
and
I (i)) = W (i-k) I 2s(k) ) + (,(i'k) I 2 p(k) ) + o(i'k) I 2po() )+ a(i,k) I 2p(k))
k
where the a's are complex coefficients. And, rewriting the the orbital angular momentum
operators, Lx and Ly, in terms of the operators L+ and L.:
L(k) -1(Lk) (+ Lk)) and Lk)- (Lk) - Lk)),2 2i
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and assuming that atomic orbitals centered on different atoms are not coupled by the
orbital angular momentum operators, leads to the following convenient expressions in
terms of MO coefficients extracted from the eigenvector matrix:
Ag x x = ( *( jk')a(i,k') 0+*(,k') (i,k')) (k) (a•*(i,k)0i,k) +X*(i,k)0jk))/ Ei - Ej)
i j k' k
(3 A)
Agxy = ( )a(i') + (ik')(i)) (k) (a *(i,k) 4 (,k) _ a*(ijk)ak)) / (ei- ej)
isj k' k
(3 B)
Agyy = (( o*(j,'k')X+(i ,k ')- •*(,k')o (ik')) (k) (a.*(i,k)aO(j,k) - a *(i,k)a(j,k))/ (e_ Ej)
iA j k' k
(3 C)
while Agyx = Ag*xy and Agzz = 0 in Cs symmetry. The g-matrix is the sum of the free
electron g-value and the orbital g-shift:
g = ge 1 + Ag
where ge = 2.00232, 1 is the identity matrix, and Ag is the orbital g-shift matrix. The
calculated g-tensor is diagonalized by a rotation around the z-axis to determine the
orientation of the molecular g-matix with respect to the molecule-based x,y,z-axis system
and to determine the principal g-values:
g[i 0 0 1xx gxy 0
0 g22 0 = R(0)"1  gyx gyy 0 R(O)
0 0 g33 0 0 gzz
Results
EPR Spectroscopy. Low frequency (9 GHz) EPR and ENDOR spectroscopy of the
apogalactose oxidase, cresol and 2-methylthiocresol radicals have been previously
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described. The X-band EPR spectrum of apogalactose oxidase is reproduced here (Fig. 1,
Insert) for comparison with high frequency spectra and with X-band simulations.
Anisotropy in the g-matrix (-0.006) gives rise to spectral dispersions of -20 G at fields
corresponding to 9 GHz excitation frequency (0.3 T). Since this dispersion is on the order
of the proton hyperfine coupling constants, the determination of g-values is ambiguous in
randomly oriented (frozen solution) samples at X-band.
High frequency (139.5 GHz) cw EPR spectra are displayed in Figure 1. In
contrast to those obtained at 9 GHz, the high frequency spectra are to first-order,
dominated by g-dispersion (-300 G) at these higher field strengths (4.95 T) facilitating
precise determination of principal g-values (Table 1). The spectra are either
pseudomodulated saturated dispersion (Fig. 1 A and E) or absorption spectra (Fig. 1 C).
Simulations are given in Figure 1 B, D, and F. The apogalactose oxidase spectrum can be
fit reasonably well using a single set of spectroscopic parameters, as was the
methylthiocresyl radical spectrum. However, no reasonable reproduction of the cresyl
spectrum could obtained using only a single set of three principal g-values, and a
distribution in the largest g-value, g11, was incorporated into the simulation shown in
Figure 1 F. The simulation of the cresyl radical signal is thus a sum of spectra calculated
using different gl values, with the other parameters (Table 1) held constant.
The hyperfine splittings clearly evident in the 9 GHz spectra of the apogalactose
oxidase radical do not appear in the pseudomodulated saturated dispersion spectra
obtained at 139.5 GHz, raising questions of whether this lack of resolution arises from the
line-broadening obtained under conditions of saturation or if it can be attributed to
inherent linewidths (both homogeneous and inhomogeneous) at 5 T. To address these
issues we have obtained echo-detected EPR spectra using pulse techniques previously
described, yielding increased resolution (Fig. 2), particularly at the high field edge. This
demonstrates that saturation does indeed introduce line-broadening effects in the spectra.
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Molecular orbital and g-value calculation. For the two model phenoxyl radicals, the
unpaired electron in contained in an MO of a" symmetry that has the special significance
of being in the redox orbital of the radicals, defining their characteristic regio-chemistry.
Unpaired electron density on the ortho and para ring carbons leads to characteristic C-C
coupling reactions at these positions. In galactose oxidase, the 7t radical localized on the
tyrosine-cysteine dimer (Y2 72-C228) participates directly in the catalytic oxidation of
primary alcohols. The a symmetry of this HOMO in 2-methylthiocresyl and cresyl is
evident from Figure 4 A and B, which depict the HOMO's contoured to 0.55 e/A3. The
significant 7--covalency of the bonding of the phenoxyl oxygen leads to a distortion of
the ring structure with a contraction in bond lengths along the phenoxyl axis. This
perturbation is also reflected in the experimentally observed increase in the C-O stretch
vibrational frequency of the radical compared to the parent phenol.49 Thioether
substitution results in a shift in the contributions from the ring Pz orbitals to the half-
occupied molecular orbital, with a substantial reduction in the contribution form the
phenoxyl oxygen. Wave functions of the molecular valence shell resulting from the spin
unrestricted calculation are presented in Figure 4 A and B and the unpaired electron
density at each of the atoms in the ring (p) is given in Figure 4 E and F.
We find that the dominant contribution to the molecular g-shifts in these radicals
is associated with the unpaired electronic spin localized on the oxygen. Perturbations at
oxygen that stabilize the non-bonded electrons or increase the Opz character of the near-
lying molecular orbitals will be associated with a larger g-shift. The calculated g-shifts
reflect the trends in the experimental results: cresyl (2.0180, 2.0037, 2.0023 [calc.])
shows dramatic g-anisotropy associated with the covalent perturbation of the oxygen,
while the 2-methylthiocresyl radical has much more axial g-tensor (2.0057, 2.0045,
2.0023 [calc.]). For the thioether-substituted cresyl, unpaired electron density on sulfur
makes contributions that cancel those associated with the oxygen, resulting in more axial
character to the g-tensor. The largest contributions to the g-shift lie in the directions of
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the lone pair orbitals on S and 0. Since these directions are nearly perpendicular, the
anisotropy in the plane is actually reduced by vector addition of the two effects. The
smaller oxygen contribution to the radical MO in the thioether compound also contributes
to the lower anisotropy. The predominant contributions of O and S to the g-shifts are
illustrated by the fact that very similar results can be obtained by restricting the
calculation to only those atoms with the largest C, i.e. O and S, and to MO levels closest
to the HOMO.
Discussion
The evidence implicating the covalently modified tyrosine Y272 as the radical site in
apogalactose oxidase comes from a variety of spectroscopic experiments. Resonance
Raman spectra have identified a perturbed tyrosyl ligand in the radical site of activated
galactose oxidase. 50 Labeling the protein with deuterated tyrosine indicates that the
radical derives from a tyrosine residue. 8 Comparison of UV absorption spectra of the
radical-containing apoenzyme and a simple methylthiocresyl model radical supports
assignment of the protein radical to the tyrosine-cysteine dimer. 51 ,52 Finally, results of
an EPR/ENDOR study of the apogalactose oxidase radical are consistent with assignment
to an ortho-substituted tyrosyl radical. 10
The purpose of this study is to further address the electronic structural details of
this radical species, using high frequency EPR spectroscopy to accurately determine g-
values for comparison between enzymztic and model radicals. Proton hyperfine
couplings detected in low frequency EPR/ENDOR studies have provided basic structural
information.8 ,10 However, as discussed below, molecular g-values for radicals obtained
in high field EPR experiments can provide important information on electronic structural
details not available from the low frequency experiments.
As indicated by Equations (2) and (3) , an isolated, orbitally non-degenerate
electronic state lacks orbital angular momentum and will result in isotropic g-values
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equal to the spin-only free electron value, ge. Deviations from the free electron g-value
arising from spin-orbit admixture of electronic wave functions are determined in
perturbation theory both by the nature of the highest occupied molecular orbital, and the
wave functions and energies of near-lying levels. The wave function of the highest
occupied orbital gives the ground state spin distribution over valence orbitals on all atoms
in the molecule. The contribution of each of these atoms to the molecular g-values
depends on both the atomic coefficient in the spin-occupied molecular orbital and the
magnitude of the atomic spin-orbit coupling constant. As a result of this sensitivity to
spin-orbit parameters, accurate measurement of molecular g-values can reveal the effects
of atoms like oxygen and sulfur whose predominant isotopes are non-magnetic (and
therefore not detected in ENDOR studies) but make relatively large contributions to the
g-shifts as a result of spin-orbit coupling. ENDOR gives insight into the ground state
wave function through the measurement of hyperfine coupling constants and the use of
phenomenological equations such as Equations (4) and (5) below, but the analysis relies
on the detection of double-resonance transitions which may be difficult to observe or to
assign. High frequency EPR spectroscopy, by giving accurate measurements of
electronic g-values, thus provides a complementary approach for the determination of
ground state wave functions.
The high frequency EPR spectra of apogalactose oxidase and the 2-
methylthiocresol radical are strikingly similar. The g-values for the two species are
nearly identical (Table 1), indicating the similarities extend to details of electronic
structure. Hyperfine information appears to be lacking in the high frequency cw spectra
for the 2-methylthiocresol radical (Fig. 1 C). However, proton hyperfine couplings
measured in the echo-detected spectrum of the apogalactose oxidase free radical (Figure
2) yield simulations consistent with spectral broadening in the saturated cw spectra. Note
that the resolution of proton hyperfine structure is also worse for the MTC than for
apogalactose oxidase radical in spectra obtained at 9 GHz. The relatively free rotation
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expected for the exocyclic methyl groups in the model radical compared to the protein
radical may account for the observed differences in resolved hyperfine structure.
The high frequency EPR spectrum of the cresol phenoxyl free radical could not be
fit with a single set of molecular g-values, requiring a distribution of the highest g-value,
gl1, for a satisfactory fit. Previous studies have indicated that this g-value is particularly
sensitive to perturbations at the oxygen through solvent polarity and hydrogen bonding.
It is probable that a distribution in the strength of this perturbation contributes to the
observed distribution in the largest g-value. It is significant to note that simulations of 9
GHz spectra are not very sensitive to this distribution, similar results being obtained in
simulations incorporating either the distribution in gll or using a single value of g1 (Fig.
3). The high frequency results are uniquely sensitivity to this aspect of molecular
interactions.
Comparison of high frequency EPR spectra of the apogalactose oxidase radical
with the spectra of model radicals, and tyrosyl radicals in other systems, leads to several
observations. First, the presence of thioether sulfur in the ortho position of the
substituted phenoxyl radical results in a significant perturbation of molecular g-values.
Sulfur contributions to the radical ground state might be expected to imply large g-shifts
corresponding to the relatively large spin-orbit parameter for that element. However,
calculations indicate that delocalization of spin density onto sulfur does occur in the
thioether substituted radical, in spite of the facts that the g-values do not increase and the
basic pattern of odd-alternant spin distribution is retained. It maybe significant to note
that no distribution in g 11 is needed to fit the MTC spectra, suggesting that the sulfur
either reduces the ability of the oxygen to participate in the interactions which influence
this g-value or reduces the sensitivity of g-values to the distribution in this interaction.
MO calculations indicate that the sulfur substitution substantially decreases the unpaired
spin density at the phenoxyl oxygen, suggesting that the sensitivity of gll, which lies
along the C-O bond, to interactions (such as hydrogen bonding) with the oxygen lone pair
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may be diminished. However, hydrogen bonding can also influence g11 through effects
on excited state wave functions. Calculations to further characterize these effects in this
system are underway.
The role of the sulfur linkage in the galactose oxidase radical is of interest in the
context of the biological function of the radical redox site. The redox potential of the
radical-forming tyrosine in galactose oxidase is approximately 410 mV versus NHE,
nearly 500 mV lower than free tyrosine in solution and 260-600 mV lower than the
redox-active tyrosines in PSII. MO calculations of the MTC species indicate a
contribution of sulfur in the ground state and the occurrence of low-lying levels of
predominantly sulfur character (Fig. 4 B and F), implying the existence of low energy
excited states involving charge transfer between the phenoxyl 7E-system and the thioether
side-chain. This feature may account for the appearance of a low energy electronic
transition in the optical spectrum of 2-methylthiocresyl and the apogalactose oxidase
radical, a spectroscopic signature that distinguishes these radicals from the relatively
simple tyrosyl radical found in ribonucleotide reductase.
The proximity of Y272, C228, and W290 in galactose oxidase creates the possibility
of an extended xI-network for delocalization of the radical.9 This putative orbital
delocalization network has recently been cited as a possible reason for the remarkable
stability of the tyrosyl radical in this enzyme. However, the remarkably similar g-values
for the radicals formed from apogalactose oxidase and the methylthiocresol model
compound indicate that there is no substantial delocalization of the unpaired spin density
into the tryptophan residue. This conclusion is in agreement with an earlier ENDOR
study of this system.10 It is possible that the tryptophan serves to stabilize the radical by
sterically hindering the approach of potential reactants, a role similar to that suggested for
this motif in another radical containing enzyme, methanol dehydrogenase from
Methylobacterium extorquens.53
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Proton hyperfine interactions have been extensively studied in tyrosine phenoxyl
free radicals to give information on radical spin distributions and the geometry of the
exocyclic methylene group. As described above and illustrated in Figure 4 A and B., the
unpaired electron spin in a simple phenoxyl free radical is localized in a molecular orbital
of x symmetry whose nodal character gives rise to an odd-alternant spin distribution.
Significant spin density exists on the oxygen and on the ortho and para ring carbons with
negligible spin density elsewhere in the simple radical. This gives rise to moderately
strong anisotropic hyperfine coupling to a ring protons bonded to the ortho-carbons
through spin polarization, and strong isotropic coupling to P methylene protons, by
hyper-conjugation. Isotropic coupling to the a protons is described by the McConnell
relation
aaH = PC QC-H (4)
in which pc is the It spin density on the carbon atom and QC-H is a proportionality
constant, typically taken as -22.5 G. The coupling to P protons is described by the
expression
apH = A + B cos2 0 (5)
in which A is the isotropic contribution (relatively small and typically neglected), B is the
coefficient of spin density at carbon 4, and 0 is the angle between the methylene group
carbon-hydrogen bond vector and the ring normal. Because the 3 hyperfine coupling is
relatively large and the dihedral angle, 0, can vary, low frequency (9 GHz) EPR spectra
of radical species (including the tyrosyl radicals of RNR, PSII, and prostaglandin
synthase) appear qualitatively different in spite of their chemical similarity. The spectra
are thus dominated by slight differences in hyperfine splittings that obscure the
fundamental similarities in electronic g-shifts that relate more directly to intrinsic features
of molecular structure.
Previous studies have shown that the X-band EPR spectrum of apogalactose
oxidase can not be simulated by assuming strong coupling to three or more protons as is
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typically required for other tyrosine radicals, but is well reproduced by assuming nearly
isotropic coupling to one [ methylene proton and anisotropic coupling to a single ortho
ring proton, giving indirect evidence for modification of one of the ortho ring positions.
ENDOR spectroscopy has contributed higher resolution information on the 3 methylene
hyperfine interactions, with ambiguous results for a proton coupling. Spectra obtained at
139.5 GHz under conditions of saturation exhibit spectral broadening arising from
unresolved hyperfine coupling. Pulsed methods have allowed the acquisition of high
frequency echo-detected EPR spectra of apogalactose oxidase radical (Figure 2) which
unambiguously resolve hyperfine splittings at both the high and low field turning points
corresponding to projection of the hyperfine coupling onto the principal axes of the g-
tensor. The high field turning point of the absorption spectrum corresponds to the g-
value associated with the ring normal. Resolution of hyperfine splittings at this turning
point determines the component of the hyperfine coupling tensor along this axis, thus
giving orientationally selective structural information unavailable in 9 GHz spectra. The
result confirms that only two strongly coupled protons are present -- no reasonable fit
could be obtained assuming three or more protons with hyperfine couplings typical of
unsubstituted tyrosine. A single high frequency EPR spectrum can thus yield information
concerning the number and, importantly, the orientation of coupled protons and
anisotropic components of the hyperfine interaction, an additional high field advantage of
this technique.
Conclusions
Comparison of molecular g-values resolved by high frequency EPR demonstrates that 2-
methylthiocresol phenoxyl radical is an effective model for the tyrosine-cysteine dimer
radical of oxidized apogalactose oxidase. The near-axial character of the g-values
provides further evidence for a covalent cysteine linkage and indicates that the
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apogalactose oxidase radical spin density is strongly localized on the tyrosine and sulfur
rather than being delocalized throughout an extended xt-network.
High frequency EPR of the simple cresyl free radical (a model for unmodified
tyrosyl radicals in proteins) gave a very surprising result. A satisfactory simulation of the
spectrum was obtained only by assuming a distribution in g 11, consistent with a
distribution in hydrogen-bond strengths involving the phenoxyl oxygen. In contrast,
spectra obtained for the apogalactose oxidase radical and the methylthiocresyl model
radical exhibit a single, well-defined value of g11. Thus, sulfur either decreases the
distribution of hydrogen-bonding strengths or decreases sensitivity of gl1 to variations in
hydrogen-bonding. Since each of these radicals is assumed to participate in hydrogen-
bonding in solution, these results are consistent with the sulfur decreasing the g11
sensitivity to phenoxyl perturbations.
Echo-detected spectra of radicals at 140 GHz have revealed hyperfine structure in
the principal g-values that give orientationally-selective information on proton coupling
to the unpaired electron. The results are consistent with ENDOR and EPR obtained at 9
GHz which are dominated by the relatively large coupling of the [3-methylene proton and
the conformation of the side chain. Different orientations for the exocyclic methylene
groups in the MTC and apogalactose oxidase radicals complicates the comparison at 9
GHz. At 140 GHz, the EPR spectra are dominated by g-anisotropy, demonstrating the
near-identity of the protein and model radicals and providing the basis for a detailed
interpretation in terms of a molecular orbital description of the electronic ground-state.
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Table 1.
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Radical 11 ý22 ,33 All A22 A33 A'11 A'22 A'33
apogalactose 2.0075 2.0065 2.0022 11.8 6.5 8.5 15.5 14.2 14.2
oxidase
MTC 2.0075 2.0065 2.0022 7.5 2.5 5.0 9.9 9.0 9.0
cresol 2.0054 2.0045 2.0022 9.75 3.25 6.50 -19.8 -18.0 -18.0
to
2.0087
Figure 1. Continuous wave 139.5 GHz EPR spectra of apogalactose oxidase,
methylthiocresyl radical, and cresyl radical are shown with their simulations. All EPR
spectra were acquired at a temperature of approximately 10 K with a modulation
frequency of 400 Hz and modulation amplitude of 2.4 G. (A) EPR spectrum of
ferricyanide-oxidized Apogalactose oxidase was acquired as a saturated modulation-
detected dispersion signal and then pseudo-modulated. (B) Simulation of (2 A)
(gxx=2.0075, gyy=2.0065, gzz=2.0022; for one P-proton Axx=15.5 G, Ayy=14.2 G,
Azz=14.2 G; for the ortho proton Axx=1 1.8 G, Ayy=6.5 G, Azz=8.5 G). The program
simulates the saturated dispersion lineshape of the acquired spectrum (with an underlying
Gaussian linewidth of 9.0 G). That record is then pseudomodulated just as the acquired
spectrum was. (C) EPR spectrum of 2-methylthio cresyl radical. A glass-like solution of
2-methylthio cresol was UV-irradiated for -45 sec at 77 K. The spectrum was acquired
as an unsaturated modulation-detected absorption signal. (D) Simulation of (2 C)
(gxx=2.0075, gyy=2.0065, gzz=2.0022; for three equivalent 3-protons Axx=10.0 G,
Ayy=9.0 G, Azz=9.0 G; for the ortho proton Axx=7.5 G, Ayy=2.5 G, Azz=5.0 G).
Gaussian linewidth of 9.0 G. (E) EPR spectrum of cresyl radical. A glass-like solution
of cresol was UV-irradiated for -5 min at 77 K. The spectrum was acquired as a
saturated modulation-detected dispersion signal and then pseudo-modulated. (F)
Simulation of (2 E). Simulation has a distribution of three gxx values ranging from
2.0087 to 2.0054. The other principle g-values are gyy=2.0046, gzz=2.0022. (For the two
equivalent ortho proton Axx=9.75 G, Ayy=3.25 G, Azz=6.50 G). (Insert) EPR spectrum
(top) and simulation (bottom) of apogalactose oxidase shown to scale but offset by
46,495 G. The EPR spectrum was acquired by conventional cw spectroscopy at 9.22
GHz and 120 K. The simulation employs Hamiltonian parameters identical to those used
to generate the simulation in (1 B).
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Figure 2. (A) Echo-detected 139.5 GHz EPR spectra of apogalactose oxidase acquired at
approximately 10 K. The experimentally acquired spectrum was pseudomodulated. (B)
Simulation of (2 A). gxx=2.0075, gyy=2 .0065, gzz=2.0022; for one f-proton Axx=15.5 G,
Ayy=14.2 G, Azz=14.2 G; for the ortho proton Axx=1 1.8 G, Ayy=6.5 G, Azz=8.5 G. The
program simulates the Gaussian lineshape of the acquired spectrum (with orientationally-
dependent linewidths equal to 11.0 G, 7.5 G, and 7.0 G along the molecular x-, y-, and z-
axes respectively). That record is then pseudomodulated just as the acquired spectrum
was.
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Figure 3. (A) EPR spectra of UV-irradiated cresol acquired at 9.44 GHz and 120 K. (B)
Simulation of (3 A) Simulation having a distribution of gxx values ranging from 2.0054 to
2.0087, gyy=2.0046, gzz=2.0022. (C) Simulation of (3 A) havinging gxx = 2.0054,
gyy=2.0046, gzz=2.0022.
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Figure 4. (A) The half-occupied molecular orbital of the para-cresyl radical contoured
to 0.55 e/A3 using self-consistent local density functional methods. (B) The half-
occupied molecular orbital of the 2-methylthiocresyl radical contoured to 0.55 e/A 3. (C)
The molecular structure of the cresyl radical as determined by optimizing the molecular
geometry. (D) The molecular structure of the methylthiocresyl radical. (E) The unpaired
electron density at each of the atoms in the cresyl radical. (F) The unpaired electron
density at each of the atoms in the methylthiocresyl.
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APPENDIX A
223
Introduction
Dynamic nuclear polarization (DNP) is a magnetic resonance technique utilized to enhance
the polarization of nuclei in samples containing paramagnetic centers through the resonant
irradiation of the electron spins.'12 DNP has been utilized in high-resolution solid-state
nuclear magnetic resonance (NMR) experiments. In magic angle spinning (MAS) NMR
spectra, signal enhancements of greater than an order of magnitude have been regularly
obtained at room temperature.3-8 Moreover, with high efficiency microwave cavities and
with small static samples, enhancements of 50 - 200 have been achieved.9 Such
enhancements are desirable inasmuch as they allow significant reductions in sample size or
acquisition time needed for an NMR experiment. The solid effect, which involves the
irradiation of nominally forbidden flip-flop ( I +e-n> C-* -e+n>) or the flip-flip ( I +e+n>
I -e-n> ) transitions between the electron-nuclear pair energy levels. The electron-nuclear
dipolar interaction mixes the pure Zeeman states giving a non-zero transition probability.
The number of electrons is generally much smaller than the number of nuclei in a
sample, so all Ne electrons must collectively participate in O(Nn) driven transitions in order to
polarize all Nn of the surrounding nuclei. Since an electron must spontaneously flop (I -e> <*
I+e>) through electron spin-lattice relaxation before it can undergo an additional driven
transition, so NeTle-1 is an upper bound on the rate at the nominally forbidden transitions can
be driven multiple times. Furthermore a polarized nucleus decays spontaneously to
equilibrium through nuclear spin-lattice relaxation at a rate NnTln-1. In order to acheive near
maximal enhancements the rate at which nuclear polarization is increased through driving
nominally forbidden transitions must exceed the rate at which nuclear polarization is
decreased through nuclear spin-lattice relaxation, i.e. the system must satisfy the condition
NeTle- 1 >> NnTn -I .
For nuclei interacting with isolated paramagnetic centers, the nuclear spin-lattice
relaxation time is largely determined by the electron spin-lattice relaxation time:
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where B0 is the external field and ABn is the width of the nuclear resonant field. For nuclei
interacting with paramagnetic centers that are not isolated, the nuclear spin-lattice relaxation
time is largely determined by the electron spin flip-flop rate:
1 Ne Ye n
Nn Yn 1 I
Since Tee is so much smaller than Tie, the condition NeTle-1 > NnTln- 1 is less likely to be
satisfied in a system with significant mutual interaction among electron spins, resulting in
significant deviation from the theoretical maximum enhancement, which is Ye/Jn.
In order to acheive maximal enhancements, it is necessary to vary the experimental
parameters, Ne, T, and BO. These parameters largely determine the relaxation rates, TIe-1,
Tee-1, and Tln-1. So, to be able to predict the consequences of those experimental
manipulations, one must know the dependences of the relaxation rates on concentration,
temperature, and external field.
Materials and Methods
Sample. The a,y-bisdiphenylene-f3-phenylallyl (BDPA) was purchased as a 1:1 complex
with benzene from Aldrich (15,256-0) and used without further purification. The
polystyrene resin (average molecular weight, circa 45,000) was purchased from Aldrich.
The polystyrene and BDPA:benzene complex were dissolved together in chloroform and
mixed thoroughly. The solution is spread over flat glass panes and the chloroform is
evaporated under a steady flow of air for approximately 20 hours. This leaves behind a
thin film of polystyrene doped with BDPA. The thin film is scraped off the plates and
loaded into quartz sample tubes. To remove oxygen, the tubes are evacuated at
approximately 10-5 Torr for approximately 10 hours and sealed.
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Instrumentation. X-band measurements were made employing a homodyne spectrometer
originally designed and built for multi-frequency Electron Spin Echo Envelope Modulation
(ESEEM) spectroscopy. 10 The basic principles and major components of the
spectrometer as it was employed in the measurement of electron spin relaxation times are
described below and illustrated in Figures 1, 2, and 3.
Low-power continuous wave microwaves are generated by a Hewlett-Packard
Backward Wave Oscillator (BWO) (mainframe sweep oscillator: 8690B-63; BWO plug-in
units: 8693A, 4.0 - 8.0 GHz; 8694A, 8.0 - 12.4 GHz; 8695A, 12.4 - 18.0 GHz). The
BWO has a Trak (60A2051, X-band) or Junction Devices (6C6I at C-band) isolator on its
output. The output of the BWO is sampled by an EIP frequency counter (575), which is
also employed in phase-locking the Hewlett-Packard BWO. At higher frequencies (12.4 -
18.0 GHz) we chose not to use the HP BWO, but rather to employ a Hewlett-Packard
frequency synthesizer (HP8672A), which has a Trak isolator (60A2051) on its output and
is followed by an Avantek GaAs FET amplifier (AMT-12035) as a low-power continuous
wave source of coherent microwaves. In either case, the low-power microwaves are
power divided into two "arms" by an OmniSpectra 3dB power divider. The two arms are
namely a "reference arm" and an "excitation arm".
The phase of the "reference arm" is set by an ARRA phase shifter. The power is et
by a Wenschel fixed attenuator. The power of the "reference arm" biases the LO input of a
M/A-COM double-balanced mixer (DBM) (MAC-6506, C-band, 2901-01-DBL, X-band).
The "excitation arm" is power divided into two arms by another OmniSpectra 3dB
power divider. The two arms are namely a "saturating arm" and an "echo-forming arm".
The power of the "saturating arm" is set by a Merrimac variable attenuator. The
continuous wave power of that arm is formed into pulses by a General Microwave SPST
PIN diode switch (F9113). The microwaves of the "echo-forming arm" is divided into
opposite phases by an Anaren 3 dB hybrid. One of the two phases is selected by a General
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Microwave DPDT PIN diode switch. The continuous wave power of the "echo-forming
arm" is formed into pulses by General Microwave SPST PIN diode switch (F9113). The
"saturating arm" and "echo-forming arm" are re-combined into a sigle "excitation arm" by
a Merrimac 3 dB hybrid (QHM-2M-15G). The "excitation arm" is input into a Varian
Travelling Wave Tube Amplifier (TWTA) (VZM699 at 12 - 18 GHz), which has a Trak
(60A2051, X-band) or Junction Devices (C-band) isolator on its output. The high power
output of the TWTA may be further attenuated by an Hewlett-Packard rotary vane variable
attenuator (X382A, 7.0 - 18.0 GHz) in series with a Wenschel fixed attenuator (X-band
and higher frequencies) or a Merrimac variable attenuator (C-band). An American
Microwave SPST switch (SW-2184-1A) allows the amplified microwave pulses to pass,
but greatly attenuates the low-level noise output by the TWTA when it would interfere with
the detection of the echo. A Trak (10B2201, X-band) or Junction Devices (6C6C, C-band)
circulator directs the power of the "excitation arm" towards the resonator.
Three-loop-two-gap resonators, a two-loop-one-gap resonator, and a Varian TE102
resonators are employed.
Power returning to the circulator from the resonantor is directed towards a
"detection arm". Another American Microwave SPST switch (SW-2184-1A) greatly
attenuates the high-power microwave pulses output by the TWTA that may saturate or
destroy sensitive components in the "detection arm", but allows the low-power echo to
pass on to the "detection arm". The power of the "detection arm" is limited by a SDI
Microwave limiter (8105-XK). The echo is amplified by a JCA (JCA1218, 12.0 - 18.0
GHz) or Avantek (AMT-12035) GaAs FET amplifier, which has a Trak (60A2051, X-
band or higher frequencies) or Junction Devices (6C6I, C-band) isolator on its output. The
output of the GaAs FET amplifier drives the RF input of a DBM. The IF output of the
DBM is amplified by a Tron-Tech video amplifier (W500-H-1A). The output of the video
amplifier is input into a Stanford Research Systems gated integrator and signal averager
(SR245).
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The experiment is controlled by an IBM PC interfaced to the Stanford Research
Systems gated integrator and signal averager (SR245) by a general purpose interface bus
(GPIB). The interface module module triggers a Wavetek N-pulse generator. The N-pulse
generator triggers an ancient (vacuum tube technology) Hewlett-Packard pulse generator
(HP214A) which opens the PIN diode switch on the "saturating arm". The falling edge of
that pulse also triggers a Berkeley Nucleonics Corporation (BNC) digital delay / analog
pulse generator (5705). After a variable delay, which is controlled remotely by the
computer (to which it was interfaced by a GPIB), the BNC puts out a pulse which opens
the SPST switch on the "echo-forming arm". That pulse also triggers another BNC. After
a fixed delay which is controlled locally, the second BNC puts out a pulse which opens the
same SPST switch on the "echo-forming arm". That pulse also triggers a Stanford
Research Systems digital delay / digital pulse generator (DG535) and the gated integrator.
The Stanford Research Systems digital delay / digital pulse generator controls the
"protection switches" immediately before and after the circulator which joins the
"excitation" and "detection" arms to the resonator. After a fixed delay set locally, the gated
integrator integrates the intensity of the echo. The timing of pulses sequences is shown in
Figure 4.
Saturation Recovery. The center of the EPR line is saturated by a long, 3 Tie - 5 Tie, low-
power 0(1 watt) pulse. After a variable time, T, after the saturating pulse a Hahn echo
7x/2-t-m pulse sequence is applied to the center of the EPR line. T is sampled from a
minimum value slightly greater than the experimental "dead time" to a maximum value
approximatley equal to 5 Tie. The Hahn echo pulses are typically approximately 100 nsec
and c is approximately 200 nsec. The height of the echo at time r after the x pulse is
proportional to the magnetization at the center of the line at time T after the saturating pulse.
Thus the height of the echo recovers from a height of 0 at time T = 0 to its full equilibrium
height at time T = 0c.
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Under most experimental conditions in this study, the saturating pulse saturates
only the center of the EPR line. Thus, cross-relaxation processes may compete with spin-
lattice relaxation to return the center of the EPR line to its equilibrium magnetization. Thus
the magnetization at the center of the line changes by processes. And the saturation
recovery can be described by the following equation:
M(T)/M 0 = 1 - a exp( -T/Tie ) - (1 - a) exp( -T/Tie - T/Tx )
where M(T) is the magnetization at time T after the saturating pulse, MO is the equilibrium
magnetization, Tie is the spin lattice relaxation time, and TX is the cross-relaxation time.
The coefficient a depends upon the length of the saturating pulse relative to Tie and also
upon the size of Tx relative to Tie. Generally, a increases as the pulse length or TX
increases relative to Tie.11 Thus, in general, the recovery is characterized by two
characteristic time constants, Tie and (Tie TX)/(Tle + TX). Thus the saturation recovery
curve needs, in general, to be fit to a sum of two exponential recoveries (vide infra) and the
longer time constant is Tie.
Analysis. In the analysis of Electron Spin Echo Envelope Modulation, Inversion
Recovery, and Saturation Recovery time-domain data, it is necessary to fit the envelope of
the recovery to a curve. For this type of curve-fitting we employ the non-linear least-
squares method of Marquardt.12 Specifically, we employ a three parameter fit to an
exponential recovery (decay),
yi = a + b exp( -w ti)
a three parameter fit to a Gaussian decay,
yi = a + b exp[ -(w ti)2
or a five parameter fit to the sum of two exponential recoveries (decays).
yi = a + b exp( -wl ti) + c exp( -w2 ti)
We may also a employ a three parameter fit to any decay of the form:
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Yi = a + b exp[ -(w ti)n ]
where a, b, and w are free parameters and n is a known constant. We were unable to
successfully employ the method of Marquardt to yield a four parameter fit to a decay of the
form:
yi = a + b exp[ -(w ti) n
where n itself is a fourth free parameter. A sample of FORTRAN source code employing
the method of Marqardt to yield a five parameter non-linear least-squares fit to a sum of
two exponential recoveries is given at the end of the appendix.
Results
Spin-lattice relaxation rate data for a dilute (0.32 %) BDPA/PS sample were acquired at
several frequencies in the range 7 - 15 GHz and taken over the temperature range 100 - 300
K (Fig. 5). Inspection shows that the spin-lattice relaxation rate is observed to be
independent of external field for external fields above approximately 2.5 kG.
In order to assess the role of concentration in determining spin-lattice relaxation
rate, we chose to acquire data at a nominal resonant frequency for which small variations in
actual resonant frequency would not effect the electron spin-lattice relaxation rate. Thus
data for a range of concentrations (0.10, 0.32, 1.0, and 3.2 %) were acquired at the actual
range of frequencies 13.0 - 13.7 GHz and and taken over the temperature range 100 - 300
K (Fig. 6). Analysis reveals that at that external field stength and over that range of
temperatures and concentrations, the spin lattice relaxation rate, w, can be expressed as the
sum of two temperature-dependent terms: an infinite dilution limit, wo(T), and a
concentration-dependent term, w2(T).
w(T) = wo(T) + W2(T)
Where w2 is proportional to the square of the concentration.
w2(T) = k(T) c2
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Evidently, w0 has a much stronger dependence on temperature than does k (Table 1).
Specifically,
wo(T) - 2.8
and,
k(T) = 1.6x10-4 MHz/% 2 + 4.4x10-7 MHz/%2/K T.
Additional experiments are in progress to the tempeature and concentration
dependences of BDPA/PS at 140 GHz. Preliminary measurements at 140 GHz show
1/Tie = 2x10-3 MHz for 2.0 % BDPA/PS at room temperature, consistent with the
predicted value assuming no field-dependence above ~2.5 kG and based on the
temperature- and concentration-dependences observed at 13 GHz.
wo(300 K) = 8.4x10-4
w2(300 K) = (1.6x10 " MHIz/%2 + 4.4x10- 7 MHz/%2 /K 300 K) (2.0 %)2 = 1.17x10- 3 MHz
w(300 K) = wo(300 K) + w2(300 K) = 2.01x10-3
Additional measurements are under way to meaure the temperature- and concentration-
dependences at 140 GHz.
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Sample Source Code for Fitting a Sum of Two Exponential Recoveries
program biexp
integer i,j,k
real*8 data(256)
real*8 b(5)
real*8 tinit,tstep,t(256)
real*8 f(256)
real*8 chisqd
real*8 lambda
real*8 P(256,5)
real*8 g(5)
real*8 A(5,5)
real*8 gstar(5)
real*8 Astar(5,5)
real*8 M(5,5)
real*8 L(5,5)
real*8 y(5)
real*8 delstar(5)
real*8 del(5)
real*8 btemp(5)
real*8 ftemp(256)
real*8 chisqdtemp
real*8 zero,epsilon,test
open (unit=9,file='biexp.par',status='old')
do i=1,5
read (9,*) b(i)
end do
read (9, *) tinit
read (9, *) tstep
close (unit=9, status='keep')
open (unit=10,file='biexp.dat',status='old')
do i=1,256
read (10, *) data(i)
end do
close (unit=10,status='keep')
zero=0.000
epsilon=0 .001000
lambda=0. 001000
do i=1,256
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t (i)=tinit+ (i-1) *tstep
end do
chisqd=0.000
do i=1,256
f(i)=b () +b(2)*exp(-b (3)*t(i))+b(4)*exp (-b (5)*t(i))
chisqd=chisqd+(f(i)-data(i))*(f(i)-data(i))
end do
1000 do i=1,256
P(i,1)=1.000
P(i,2)=exp(-b (3) *t (i))
P (i,3)=-t (i) *b (2) *exp (-b (3) *t (i))
P (i, 4)=exp (-b(5) *t (i))
P (i, 5)=-t (i) *b (4) *exp(-b (5) *t (i) )
end do
do i=1,5
g(i)=0.000
do j=1,256
g(i)=g(i)+p(j,i)*(data(j)-f(j))
end do
end do
do i=1,5
do j=i,5
A(i, j)=0.000
do k=1,256
A(i, j)=A(i, j)+P(k, i) *P(k, j)
end do
end do
end do
do i=1,5
gstar (i)=g (i)/sqrt (A(i, i))
Astar (i, i) =1. 000
do j=i+1,5
Astar(i, j)=A(i, j)/sqrt (A(i, i)*A(j, j))
end do
end do
2000 do i=1,5
M(i, i) =Astar (i, i) +lambda
do j=i+1,5
M(i, j)=Astar(i,j)
end do
end do
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do i=1,5
do j=i,5
sum=M(i, j)
do k=i-1,1,-1
sum=sum-L (i,k) *L (j,k)
end do
if (i.eq.j) then
L (i,i) =sqrt (sum)
else
L(j, i)=sum/L (i,i)
end if
end do
end do
do i=1,5
sum=gstar(i)
do j=i-1,1,-l
sum=sum-L (i, j)*y(j)
end do
y(i)=sum/L(i,i)
end do
do i=5,1,-i
sum=y(i)
do j=i+1,n
sum=sum-L(j,i)*delstar(j)
end do
delstar (i) =sum/L (i,i)
end do
do i=1,5
del (i) =delstar (i) /sqrt (A (i, i))
end do
do i=1,5
btemp (i) =b (i) +del (i)
end do
chisqdtemp=0.000
do i=1,256
ftemp (i) =btemp (1)
& +btemp (2)*exp(-btemp(3) *t (i))
& +btemp (4) *exp (-btemp (5) *t (i))
chi sqdtemp=chi sqdt emp
& +(ftemp(i)-data(i)) *(ftemp (i) -data(i))
end do
test=(chisqd-chisqdtemp)/chisqd
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if (test.le.zero) then
lambda=10.0 *lambda
goto 2000
else
chisqd=chisqdtemp
do i=1,5
b (i) =btemp (i)
end do
do i=1,256
f (i)=ftemp (i)
end do
if (test.ge.epsilon) then
lambda=0 .100*lambda
goto 1000
end if
end if
open (unit=ll,file='best fit.dat',status='new')
do i=1,256
write (11,*) f(i)
end do
do i=1,5
write (11,*) b(i)
end do
write (11,*) chisqd
close (unit=11, status='keep')
stop
end
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Table 1. Values of wo and k.
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T (K) _ wo (MHz) k (MHz/%2)
105 6.7x10- 5  2.0x10-4
155 1.2x10-4  2.4x10-4
205 2.8x10-4  2.5x10-4
255 4.9x10-4  2.8x10-4
305 8.4x10-4 2.9x10-4
Figure 1. The spectrometer as it is typically used for saturation recovery experiments
between 8.0 and 12.4 GHz.
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Figure 2. The spectrometer as it is used for saturation recovery measurements between
12.4 and 18.0 GHz.
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Figure 3. The spectrometer as it is used for saturation recovery measurements between
4.0 and 8.0 GHz.
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Figure 4. Timing diagram of the logic controlling the spectrometer for a saturation
recovery measurement.
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Figure 5. Electron spin lattice relaxation rates of BDPA/PS samples of 0.32 %(w./w)
concentrations measured by saturation recovery at 4.7, 6.7, 10.2, 13.7, and 15.0 GHz.
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Figure 6. Electron spin lattice relaxation rates of BDPA/PS samples of various (w/w)
concentrations (0.10 %, 0.32 %, 1.0 %, and 2.0 %) measured by saturation recovery at
approximately 13.0 GHz (0.10 % and 1.0 %), 13.2 GHz (2.0%), and 13.7 GHz (0.32 %).
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